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A  set  of  spsctroheliograms  of  the  sun  taken  during  ah  Aerobee  rocket  flight  made  on 
April  28,  1966,  by  the  U.S.  Naval  Research  Laboratory  is  the  primary  source  of  obserr 
vational  data.  The  wavelength  range  covered  was  approximately  170-600A.  A  coronal 
enhancement  at  the  east  limb  was  sufficiently  intense,  and  free  from  contamination  by 
other  features;  and  background  continuum  to  permit  a1  photometric  study,  of  its  brightness  ; 
profile  in  several  of  the  more  intense  lines,  J 

A  study  of  the  maximum  brightnesses  of  the  enhancement  in  several  lines  of  widely  | 

varying  temperatures  gave  a  measure  of  the  ability'  of  the  enhancement  to  emit  radiation; 

as  a  function  of  temperature.  This  ability  was  found  to  increase  with  increasing  ] 

temperature  between  temperatures  of  500,000  and  5,000,000  degrees,  and  to  decrease  j 

rapidly  at  higher  temperatures.  j 

The  brightness  profiles  of  the  enhancement  in  the  various  lines,  under  a  geometrical  ] 
assumption  of  cylindrical  symmetry  about  an  axis,  yielded  Information  on  the  temperature 
and  density  structure  of  the  enhancement,  A  .hot  core  in  the  enhancement  of  tenperatures1 
up  to  5,000,000  degrees  was  found  to  exist,  with  a  cooler  envelope  surrounding  it.  j 
Electron  densities  of  up  to  2  billion  per  cubic  centimeter  were  found  to  occur.  The  , 
temperature  and  density  structure  was  then  compared  to,  and  found  to  be  consistent  with,; 
K-coronameter  white- light  and  9.1  centimeter  radio  observations  of  the  same  day. 

Finally, ’’a  comparison  of  the  measured  emission  scale  heights  with  the  scale  heights 
predicted~by  hydrostatic  equilibrium  yielded  information  of  the  magnetic  field 
structure  governing  the  different  temperature  regimes.  At  one  million  degrees,  the 
field  appears  to  be  nearly  vertical,  whereas  hotter  regions^tend  to  be  confined  by 
a  field  of  loop- type  structure. 
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CHAPTER  I 

INTRODUCTION 

The  study  of  solar  radiation  with  the  idea  of  interpreting  it 
in  terms  of  structural  models  of  the  sun  was  almost  completely 
restricted  to  the  visible  region  of  the  electromagnetic  spectrum 
until  the  end  of  the  second  world  war.  Since  that  time,  two  new 
branches  of  solar  astronomy  have  developed,  namely,  radio  astronomy, 
and.  ultraviolet  and  X-ray  astronomy.  The  former  enjoys  the  avail¬ 
ability  of  an  atmospheric  window  in  the  centimeter-meter  wavelength 
range  which  fortunately  corresponds  to  an  "optical"  depth  range 
that  covers  a  large  portion  of  the  solar  atmosphere.  Consequently, 
the  science  has  matured:  to  the  point  where  regular,  systematic 
observations  are  carried  out  at  a  number  of  observing  stations  through¬ 
out  the  world. 

Two  major  limitations  on  radio  coronal  observations  are  the 
limited  angular  resolution  of  telescopes  of  r«  igeable  size,  and 
the  fact  that  the  energies  corresponding  to  radio  wavelengths  are 
so  far  removed  from  the  excitation  and  ionization  energies  prevalent 
at  coronal  temperatures  that  little  information  on  the  chemical 
composition  or  the  atomic  processes  that  occur  in  the  corona  is 
obtainable.  What  we  see  at  radio  wavelengths  is  chiefly  radiation 
from  free-free  electron-ion  interactions.  Although  the  amount  of 
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such  radiation  produced  by  a  sample  of  gas  varies  as  the  square 
of  the  average  ionic  charge,  the  shape  of  the  free-free  spectrum  is 
independent  of  the  structure  of  the  ion. 

Ultraviolet  and  X-ray  astronomy,  on  the  other  hand,  involves 
the  study  of  radiation  produced  under  conditions  that  approximate 
the  optimum  under  which  such  radiations  are  produced,  As  a  result, 
the  ionization  and  excitation  transitions  which  occur  will  produce 
observable  radiation  in  this  region  of  the  spectrum  which  is 
characteristic  of  the  chemical  as  well  as  the  thermal  structure  of 
the  gas.  Also,  in  the  ultraviolet  and  X-ray  regions  we  are  seeing 
the  corona  in  the  most  intense  part  of  its  energy  spectrum.  This 
region  of  the  spectrum  plays  a  major  role  in  determining  as  well 
as  reflecting  coronal  structure. 

Unfortunately,  these  shorter  wavelengths  are  completely  exclu¬ 
ded  from  ground  observations  by  the  earth's  atmospheric  absorption. 
The  only  possibility  for  these  observations,  therefore,  rests  with 
rocket  probes,  satellites,  and  orbiting  observatories.  In  each 
case,  experiments  must  be  pre-programmed  and  equipment  designed  for 
the  specific  observations  planned,  often  with  a  considerable  restric¬ 
tion  on  performance  imposed  by  space  and  weight  limitation's  and  the 
complexities  of  a  pointing  control.  Although  the  space  probe 
experiments  allow  observations  over  an  extended  .period  of  time, 
they  share  the  common  limitation  of  not  enjoying  thjg  advantage  of 
a  variety  of  equipment  plus  an  on-the-spot  experimenter. 

Line  spectra  of  the  sun  in  wavelengths  short  of  the  visible 
have  been  recorded  both  on  special  photographic  emulsions  deposited 
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by  centrifuge  techniques ,  and  by  photometric  recording  in  flight 
with  telemetered  data  -transmission1.  The.  former  methqd  has  ’.been 
employed,  by  the  Rocket  Spectroscopy  Branch  of  the  Naval'  Research 
Laboratory  (NRB)  beginning  with  a  low  resolution  spectrum  obtained 
with  a  V-2  .rocket  on  October  10.  1946  (Baum  et.  al.  1946).  Since 
then  both  normal  and  grazing  incidence  spectra  of  higher  quality 
have i  been  obtained  at  increasingly  short  wavelengths,,  with  normal 
Incidence  being  most  valuable  down  to  about  500A  (Tousey  1964),  A 
disadvantage  of  the  use  of  photography  in  recording  the  solar  extreme 
ultraviolet  radiation  is  the  fact  that  the  film  is  also  quite' 
sensitive  to  radiation  at  longer  wavelengths  which  make  up  by  far 
the  .largest  portion  of  the  total  solar  radiation.  The  presence  of 
instrumental  light  scatter  produces  a  serious  fogging  of  the  emulsion 
unless  measures  arc  taken  to  eliminate  this  light  before  it  enters 
the  spectrograph.  This  has  been  accomplished  by  the  NRL  group  with 
Che  use  of  a  thin  aluminum  film  which  absorbs  essentially  all 
radiation  longward  of  about  850A.  A  description  of  the  transmission 
properties  of  such  a  filter  is  given  in  the  next  chapter. 

The  photoelectric  recording  techniques  used  by  the  Air  Force 
Cambridge  Research  Laboratory  (AFCRL)  have  the  advantage  of  continuous 
monitoring  during  a  flight  but  suffer  from  the  loss  of  the  fainter 
lines  in  the  background  noise.  Also,  the  larger  noise  fluctuations 
may  easily  be  misinterpreted  as  faint  lines.  The  elimination  of 
stray  long-wavelength  radiation  becomes  unnecessary  with  photo¬ 
multiplier  tubes,  however,  since  their  sensitivity  to  such  radiation 
is  much  less  than  that  of  the  photographic  emulsions.  A  further 


advantage  of  photoelectric  recording  techniques  is  that  they  yield 
•reliable  line  intensities  in  absolute  units  much  more  readily 
than  does  photographic  film. 

Such  observations  as  reported  on  by  Hall,  Damon  and  Hinteregger 
(1963),  Hinteregger,  Hall  and  Schweizer  (1964),  and  Hall,  Schweizer 
and  Hinteregger  (1965)  have  contributed  significantly  to  our  under¬ 
standing  of  the  absorption  characteristics  of  the  upper  atmosphere, 
and  reports  by  Neupert  and  associates  (1964,  1965)  of  the  grazing 
incidence  spectra  obtained  by  the  first  Orbiting  Solar  Observatory 
(0S0-1)  furnished  the  first  direct  observational  evidence  of  the 
variation  of  the  extreme  ultraviolet  flux  with  solar  activity.  The 
0S0-1  observations  indicated  a  more  sensitive  variation  in  flux 
with  solar  activity  for  the  lines  arising  from  the  hotter  ions;  this 
was  interpreted  as  indicating- a  .greater  degree  of  localization  of 
hotter  coronal  material  within  active  regions.  Such  an  interpretation 
has  since  been  confirmed  by  the  recording  of  spectroheliograms 
(actually  slitl'ess  solar  spectra)  by  the  NRL  group  (Purcell,  Packer 
and  Tousey  1959;  Garrett,  Purcell  and  Tousey  1964,  Tousey,  1967a). 

The  spectroheliograms  used  in  the  present  investigation  repre¬ 
sent  a  great  improvement  in  quality  of  resolution  over  previous  ones 
to  the  extent  that  the  chromospheric  network  is  easily  visible  in 
some  of  the  cooler  ions,  'notably  He  II  J/'man-alpha.  This  innroved 
resolution  increases  the  possibility  of  identification  of  some 
fainter  lines,  and  improves  the  ability  to  detect  and  evaluate 
differences  in  appearance  of  the  active  regions  in  lines  emitted 
from  ions  of  different  temperatures. 


CHAPTER  II 


DESCRIPTION  OF  THE  EXPERIMENT 

A.  General  Remarks 

On  April  28,  1966  a  spectroheliogra'ph  was  flown  in  an  Aerobee 
150  rocket  with  a  biaxial  pointing  control  developed  by  the  Univer¬ 
sity  of  Colorado.  Time  of  launch  was  23:34:51.08  UT,  and  the  rocket 
achieved  its  maximum  altitude  of  187.7  km  232.2  seconds  after  launch 
The  general  design  of  the  spectroheliograph  is  similar  to  that  flown 
during  earlier  flights  (Tousey  1963)  and  consists  of  an  aluminum 
filter  mounted  on  a  wire  mesh  to  filter  out  wavelengths  £  830A, 
a  concave  platinum-coated  grating  operating  at  near-normal  incidence 
and  photographic  film  produced  by  centrifuging  a  low-gelatin-content 
emulsion  onto  its  support. 

A  series  of  pictures  of  the  spectroheliograms  taken  during  the 
flight  is  shown  in  Figure  II-l.  The  spectroheliograms  are  also 
reproduced  in  two  review  articles,  one  by  Tousey  (1967a)  and  the 
other  by  Goldberg  (1967).  The  quality  is  excellent,  the  angular 
resolution  of  the  solar  disk  being  approximately  10"  of  arc  (Tousey 
1967b,  Goldberg  1967). 

15.  Aluminum  Filter 

A  summary  of  the  data  available  on  the  transmission  of  aluminum 
films  is  given  by  Tousey  (1963)  and  is  shown  here  in  Figure  II-2. 
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Although  all  three  experimental  results  agree,  insofar  as  they 
overlap,  that  there  is  a  sharp  peak  at  171A  followed  by  a  steep 
dropoff  to  shorter  wavelength's,  and  that  the  transmission  decreases 
from  500A  toward  longer  wavelengths,  the  quantitative  agreement  is 
very  poor.  The  varying  amount  of  aluminum  oxide  coating  the  surfaces 
of  the  different  samples  may  explain  why  the  transmission  curve  of 
Tomboulian  and  Bedo  (1955)  is  about  a  factor  of  two  higher  than  that 
of  Astoin  and  Vodar  (1953). 

More  difficult  to  explain  is  the  markedly  steeper  slope  at  the 
long  wavelength  end  of  Walker,  Rustgi,  and  Weissler's  (1959)  curve 
than  that  of  Astoin  and  Vodar.  Also  present  in  the  former  but  absent 
in  the  latter  is  a  discontinuity  in  slope  at  around  630A.  Experimen¬ 
tal  data  obtained  at  the  Naval  Research  Laboratory  (Snider  1967) 
record  a  transmission  of  11.2%  at  584A  and  32.8%  at  304A.  This 
indicates  that  the  filter  used  in  flight  has  a  transmission  curve 
somewhat  steeper  than  that  of  Astoin  and  Vodar,  but  below  that  of 
Walker  et.  al. 

The  following  criteria  were  used  in  the  present  analysis  to 
construct  a  curve  that  would  be  consistent  with  the  earlier  experi¬ 
mental  curves  and  pass  through  the  two  measured  points  of  calibration 
of  the  transmission  of  the  filter  used  in  the  flight.  (1).  The 
transmission  curve  should  approach  zero  at  830  to  850A.  Since  a 
smooth  curve  fit  of  the  two  calibration  points  with  this  cutoff 
point  is  possible,  and  this  curve  shows  a  simple  monotonic  decrease 
with  increasing  wavelength  as  does  that  of  Astoin  and  Vodar,  the 
portion  of  the  adopted  curve  longer  than  about  300A  can  be  :onsidered 
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as  being  known  to  within  a  few  percent.  (2).  Shortwards  of  300A, 
a  reliable  extrapolation  from  the  calibration  points  would  <be 
impossible,  so  a  compromise  between  Astoin  and  Vodar's  and  Tomboulian 
and  Bedo's  curves  was  adopted.  This  was  done  rather  subjectively, 
but  any  departures  of  the  adopted  curve  of  a  factor  larger  than 
about  1.5  from  its  assumed  value  would  produce  a  curve  differing 
significantly  in.  shape  from  the  experimental  curves. 

C.  The  Grating 

The  grating  employed  in  the  spectroheliograph  was  a  Bausch  and 
Lomb  Catalog  //35-62-27V-80  platinum  coated  grating,  with  a  concave 
radius  of  998.8  mm,  a  ruling  of  2400  lines  mm  \  and  a  blaze  angle 
of  2°05.’ .  The  result  of  the  blaze  is  a  maximum  intensity  of  the  first 
order  image  at  around  300A  at  nearTnormal  incidence,  apart  from 
the  variability  of  reflectivity  of  the  platinum  surface  with  wave¬ 
length.  The  half-intensity  points  of  the  grating's  diffraction 
efficiency  curve  lie  at  approximately  one-half  and  twice  the  wave¬ 
length  of  maximum  intensity,  i.e.,  at  about  150A  and  600A  (Purcell 
1967). 

In  addition  to  the  variation  of  efficiency  with  wavelength 
that  results  from  diffraction  alone,  we  must  consider  variations 
in  the  reflectivity  of  the  platinum  coating  with  wavelength,.  The 
solid  curve  in  Figure  II-3  shows  the  reflectivity  of  a  smooth, 
platinum-coated  parabolic  mirror  obtained  experimentally  at  NRL  by 
Purcell  (1967). 

The  efficiency  of  the  grating  used  in  the  spoctroheliograph 
was  measured  at  304A  and  584A  at  NRL  and  found  to  have  values  in 
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the  first  order  of  1.1%  and  5r. 6%  at  these  two  wavelengths,  respec¬ 
tively.  At  304A,  the  reflectivity  of  the  grating  is  0.5  that  of 
the  smooth  mirror,  and  at  584#  the  ratio  is  down  to  nearly  onr- 
fourth,  in  agreement  with  what  is  expected  from  the  ruling  of  the 
grating.  At  the  short  wavelength  end  of  the  'calibration,  the 
extrapolated  value  of  the  reflectivity  at  150A  based  on  Purcell's 
data  should  also  differ  from  the  grating's  efficiency  by  a  factor 
of  about  four.  We  thus  have  three  well-separated  points  at  150A, 
304A,  and  584A  for  which  the  grating's  reflectivity  is  fairly  well 
known,  and  through  which  we  e§n  draw  a  reflectivity  curve  for  the 
grating  that  is  consistent  with  Purcell's  curve  for  the  mirror. 

The  dashed  curve  in  Figure  II-3  shows  the  adopted  values  of  the 
grating's  efficiency. 

D.  The  Film 

The  main  problem  in  the  design  of  films  for  work  in  the  far 
ultraviolet  is  one  of  overcoming  the  high  absorption  of  the  gelatin 
in  these  wavelengths.  Kodak-Pathe  of  Paris,  by  a  centrifuging 
technique,  has  produced  emulsions  consisting  of  a  single  layer  of 
grains  on  the  outside  of  the  supporting  medium  (Tousey  1963) „  thus 
eliminating  this  absorption.  Successive  modifications  of  this  type 
of  emulsion  have  been  manufactured  under  the  designations  SC-4, 
SC-5,  and  SC-7.  A  modification  of  the  last  of  these,  SC— V I. ,  which 
possesses  a  thinner  emulsion  was  employed  in  the  rocket  spectro- 
heliograph. 

No  absolute  intensity  standards  were  available  for  the  film 
emulsion  used.  I  therefore  sought  to  produce  a  calibration  curve 
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In  terms  of  arbitrary  units  of  film  exposure,  by  an  analysis  of  four 
spec.trolieliograms  with  exposure  times  ranging  from  0.6  to  10.7 
seconds.  At  four  arbitrary  points  along  the  continuum,  at  the  He  II 
304A  disk  image,  and  at  a  limb  feature  in  fFe  XVI  at  335A  and  361A, 
and  Mg  IX  at  368A,,  I  compared  the  film  densities  of  the  four  dif¬ 
ferent  exposures.  The  film  density,  D,  is-  defined  in  the  usual 
manner : 

D  3  losi0-r  (1) 

where  I  and  I  are  the  intensities  of  a  standard  beam  having 
o 

passed  through  clear  film  and  film-  of  density  D,  respectively.  When 
plottejd  against  log  E,.  with  E  the  exposure  (intensity  x  time), 
the  characteristic  curve  of  the  film  results,  whose  shape  is  inde¬ 
pendent  of  the  units  measuring  the  exposure,  E.  Eight  plots  of 
the  characteristic  curve  at  the  eight  different  wavelengths  resulted, 
all  with  nearly  the  same  shape.  A  well-defined  composite  curve 
resulted  when  the  separate  curves  were  shifted  horizontally  (along 
the  exposure  axis)  to  minimize  scatter.  Figure  II-4  shows  this 
composite  curve  with  the  points  obtained  by  measurement  from  the 
film.  Included  are  some  points  produced  in  the  laboratory  whose 
significance  will  now  be  discussed. 

The  method  of  calibration  given  above  gives  good  values  of 
the  slope  of  the  characteristic  curve  of  the  film  (often  called 
the  "gamma"  of  the  film)  when  the  variations  ir.  exposure  are  pro¬ 
duced  by  changes  in  exposure  time.  If  the  same  variations  in 
exposure  are  produced  by  changes  in  the  intensity,  rather  than  time. 
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a  different  set  of  curves  may  result.  This  effect;  is  the  failure 
of  the  reciprocity  law  of  film  emulsions,  and  can  occur  when  one 
compares  exposures  of  widely  differing  lengths.  Since  we  must 
consider  the  relative  brightnesses  of  the  various  points  of  th. 
spectroheliograms  as  unknown  at  this  point,,  a  reciprocity  check 
necessitates  a  comparison  of  a  graded  series  of  exposures  whose 
variations  in  film  density  are  produced  by  variations  in  beam 
intensity  with  a  constant  exposure  time.  .Such  a  series  of  exposures 
at  5  and  30  seconds  at  304A  were  recorded  at  NRL  by  Snider  (1967;) 
through  filters  of  various  transmissivities.  Table  II-l  shows  the 
exposures,  defined  in  the  usual  manner  but  in  arbitrary  units,  and 
the  corresponding  film  densities.  It  is  evident  that  reciprocity 
failure  becomes  considerable  between  exposure  times  differing  by  a 
factor  of  six.  Both  exposure  times  taken  separately,  however, 
produce  a  characteristic  curve  similar  to  -the  ones  obtained  from  the 
graded  exposure  time  sequences  with  a  gamma  of  about  0.5,  and  are 
included  in  the  construction  of  the  curve  in  Figure  11-4. 

All  photometric  work  in  this  investigation  uses  two  spectro¬ 
heliograms  of  exposure  times  10.7  seconds  and  28.9  seconds  corres¬ 
ponding  to  wavelength  regions  of  171  -  400A  and  400  -  030A 
respectively.  Unfortunately,  there  is  ns  useful  overlappin}  of  the 
two  wavelength  regions  to  provide  a  dire:t  measurement  of  reciprocity 
failure  from  the  plates  used  in  the  analysis.  'Hie  reciprocity  failure 
of  the  film  will,  however,  be  less  markel  between  these  exptsuros, 
which  differ  by  a  factor  of  2.7  as  compared  with  a  factor  ol  six 
in  the  laboratory  exposures. 
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Consider  a  film  emulsion  in  which  the  reciprocity  law  is 
obeyed,  that  is,  the  blackening  of  the  film  depends  only  on  the 

total  . amount  of  energy  received  by  the  film  per  unit  area.  If  E 

is  the  degree  of*  exposure  of  the  film;  X,  the  intensity  of  the 
beam;  and  t,  t>,e  duration  of  the  exposure,  then 

E  =  It  (2) 

If  the  reciprocity  law  does  not  hold,  we  may  define  an  effec¬ 
tive  exposure,  E' ,  of  the  film  that  relates  to  the  film  density 
by 

Y  log  E'  +  constant  =  D  (3) 

and  assume,  after  Schwartzschild  (1900)  that  the  effective  exposure 
obeys  the  following  relation: 

E'  =  It**  (4) 

* 

where  p  is  an  unknown  constant.  Fr*m  (3)  and  (4)  we  may  eliminate 
E',  and  consider  the  case  where  I  is  the  same,  but  t  varies. 

This  results  in  the  expression 

D,  -  D 

p(log  t,  -  log  tj  =  — - -  (3) 

2  1  Y 

where  y  is  the  "gamma"  of  the  film.  Ior  the  film  used  in  the 
laboratory  calibrations,  y  «  0.5,  and  log  t£  -  log  t^  =  .7' 8. 
Therefore,  a  value  of  p  is  specified  for  each  pair  of  exptsurus 
given  in  Table  II-l  by  the  following  formula: 


2.57(D2  -  Dx) 


(6) 
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P  = 


The  values  of  p  so  obtained  are  tabulated  in  the  far  right 
column  of  Table  LI-1.  If  we  .adopt  a> value  of  p  =  0.30.  then  the 
reciprocity  failure  of  the  film  will  lead  to  an  error,  in  the 
relative  exposures  of  the  two  spectroheliograms  of  a  factor  of 
2.7  ^ ^  or  0.5.  This  is  a  small  enough  error  that  it  may  be  included 
in  the  empirical  correction  procedure;  described  in  the  next  section. 


E.  Overall  Instrumental  Efficiency 

So  far,  no  allowance  has  been  made  for  any  possible  variation  in 
the  sensitivity  of  the  film  with  wavelength.  Since  the  intensities 
of  the  304A  and  584A  lines  produced  in  the  laboratory  were  not 
available  on  an  absolute  3cale,  an  indirect  method  of  checking  the 
instrumental  efficiency  to  detect  a  .possible  variation  in  wavelength 
response  of  the  film  had  to  be  used.  Since  the  emission  from  the 
lines  of  the  lower-temperature  ions  comes  more  or  less  uniformly 
from  the  entire  disk,  it  is  possible  to  compare  the  relative  surface 
brightnesses  of  these  lines  as  recorded  on  the  film  with  the  line 
energy  fluxes  outside  the  earth's  atmosphere  measured  by  Hall, 

Damon,  and  Hinteregger  (1963).  Table  11*;2  shows  a>  comparison  of  the 
surface  brightness  of  the  solar  disk  in  the  lines  He  I  584A, 

0  IV  554A,  and  »’_•  II  304A  with  the  corresponding  fluxes  measured 
by  the  AFCRL  group.  1  obtained  the  relative  surface  brightnesses 
by  photometry  from  the  spectroheliogranu. ,  using  the  efficiency  curves 
of  the  aluminum  filter  and  platinum  grating  to  convert  film  densities 
to  intensities.  The  absolute  values  of  the  brightnesses  followed 
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from  the  assumption  that  the  304A  He  II  line,  whose  photometry  was 
the  most  reliable.,  had  a  flux  to  surface  brightness  ratio  equal  to 

2  ir.. 

(R^/1A.U.)  ,  or  2.15  x  10  '  ,  -the  flux  being  based  on  the  Al’CRL 
observations.;  The  data  show  unmistakably  a  strong  increase  in 
sensitivity,  of  the  spectroheliogi'aph  with  decreasing  wavelength 
that  -is- .probably  due  to  s.  combination  or  (a)  wavelength  variation 
in  film  sensitivity,  (b)  reciprocity;  failure  between  the  exposures 
of  different  lengths  and  possibly  variations  in  the  degree  of 
reciprocity  failure  with  wavelength,  and  (c)  variations  with  wave¬ 
length  of  the  fraction  of  solar  radiation  absorbed  by  the  terres¬ 
trial  atmosphere  above  the  apparatus.  The  total  variation  appears 
to  be  nearly  linear  and  can  be  represented  approximately  by  the 
expression 


X  =  1.90  -  0.03a(A)  (  ') 

We  then;  adopt  for  the  total  efficiency  curve  of  the  apparatus 

Iff  =  TRX  (h) 

where  Eff  is  the  total  efficiency,  T  is  the  transmission  of  the* 
aluminum  filter,  and  R  is  the  reflectivity  of  the  grating.  Since 
eq.  (8)  is  unknown  to  within  a  multiplicative  constant,  the  effic¬ 
iency  units  are  arbitrary.  The  absolute  brxgnuies.se.-.  of  tin  coronal 
features,  which  will  be  needed  later,  w;ll  be  found  oy  anoL  ier  com¬ 
parison  of  the  measured  intensities  of  t  he  he  *i  uu,*  ov  u i  ltuteg^er 
et.  ai.  with  tiie  photographic  density  m  uae  spict-roUci nyr  tn, 
this  time  from  the  corrected  efficiency  function  given  uy  to). 


A  piot  of  the  efficiency  variation  with  wavelength  as  given  by 
eq.  (8‘)  is  shown^  ,iir  Figure  II-5. 
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Table  11-1 

He  II  304A  Laboratory  Film  Calibrations 


\ 

D1 

E2 

D-, 

L. 

P 

5 

.13 

30 

.30 

.44 

10 

.23 

60 

.32 

.23 

25 

.34 

150 

.48 

.36 

50 

.65 

300 

.74 

.21’ 

100 

.78 

600 

.90 

.31 

250 

1.02 

1500 

1.16 

,  J6 

500 

1.24 

3000 

1.28 

second 

exposures 

30  second 

exposures 

Table  II-2 

Emission  from  the  Sun  in  Some  Low-Temperature  Ions 


Line 


h(org  cm  ^  sec  from 
entire  disk  at  1  AU 


^  I  —1 

I(er^  cm  %scc  )  lYi 
spacer one 


X  /  *■  k  t  ! 


He  I  584A 

.055 

5.5 

2.94  x  if/ 

2.2 

0  IV  554A 

.01 

1.0 

3.34  a  io“ 

l.U 

bell  304A 

.25 

25 

1.16  x  104 

.6 1> 

Laboratory  Piiotograf 
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Keissler;  LOOOA  for  the  others.  The  £*.; »  points  obtained  at  JO  A  A 
and  584A  Croti  laboratory  .ne«.suremeuLs  of  Li.»  fitter  used  in  i  light 


are  circled.  After  Vousey  (1%3) ,  except  for  the  auopted  c  «rve. 


Figure  II-3.  The  reflectivity  of  an  off -axis  parabolic  mirror  with 
a  platinum  coating  (Purcell  1967).  The  lower  curve 
represents  the  adopted  efficiency  curve  for  the  grating, 
and  shows  two  points  obtained  from  laboratory  measure¬ 
ments. 


Figure  Il-A.  The  characteristic  curve  of  t.'.e  Shunann-type  umuslion 
used  in  flight.  The  quantity  E  represents  the 
exposure,  intensity  times  time,  in  arbitrary  units. 


CHAPTER  III 


APPEARANCE  OF  THE  SUN  ON  APRIL  28,  1966 

A.  The  Visible  Disk 

The  solar  disk  on  April  28,  1966  exhibited  a  considerable 
amount  of  activity  in  the  northern  hemisphere  as  indicated  by  the 
Fraunhofer  Institut  map  for  that  date  (Figure  ll-l) .  The  active 
regions  shown  on  the  map  that  give  rise  to  noticeable  enhancement 
of  the  EUV  radiation  arc: 

(1)  A  large  region  near  the  west  limb  of  the  sun  with  a  spot 
group  of  class  D7  (Zurich  classification)?.  The  region  is  centered 
at  19°N,  58 °W. 

(2)  An  extended  region  encompassing  two  small  spots  of  class 
AL,  centered  at  29°N,  22°E;  and  30°N,  34 °E. 

(3)  A  moderate-sized  region  surrounding  a  class  J1  sunspot. 
Position:  22°N,  67°E. 

(4)  A  coronal  enhancement  at  the  east  limb  which  appears  to 
be  associated  with  an  active  region  that  lies  just  behind  the  limb. 

The  first  suggestion  of  its  appearance  in  Ca-K  is  a  very  slight 
brightening  of  the  limb  on  April  29  at  13:25  UT,  or  13''50!"  after 
the  spectroheliograms  were  recorded.  Tie  feature  is  center Jid  around 
17 °N,  and  on  April  28  appeared  only  in  :oronal  emission.  Observations 
of  the  progress  of  the  plage  across  the  disk  indicate  that  the 
extreme  western  portion  of  the  plage  lay  from  0°  to  3°  behind  the 
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limb  during  the  rocket  flight.  On  the  liUV  spectroheiiograms ,  the 
feature  appears  at  the  extreme  right  hand  position  of  the  limb, 
or  about  70°  from  the  north  pole. 

(5)  An  isolated  small  center  at  25°S,  18°li,  in  which  an  A1 
spot  develops  on  April  29,  1966. 

Figures  III-l  and  III-2  show  the  solar  disk  for  April  28  in 
the  light  of  H;.alpha  and  Ca-K,  respectively.  In  both  monochromatic 
images,  Feature  1  appears  as  a  fairly  compact,  intense  plage.  To 
the  east  of  this  region  lies  a  region  of  moderate  activity',  which  is 
centered  about  25°N,  22°W,  and  appears  to  contribute  little  to  the 
FUV  radiation.  This  region  shows  a  plage  structure  of  much  greater 
complexity,  and  lias  associated  with  it  a  filament  that  extends  from 
it  to  the  northeast. 

Feature  2  appears  highly  structured  in  both  11-alpha  and  Ca-K, 
and  also  in  the  cooler  ions  radiating  in  the  IillV.  A  comparison  of 
the  Ca-K  picture  of  this  region  (Figure  III-2)  with  the  disk  image 
of  0  V  at  630A  shows  a  quite  striking  agreement  in  structure,  with 
two  large  plages  toward  the  east,  preceded  by  several  smaller  ones 
toward  the  west.  An  example  of  this  feature  in  a  hotter  ion  is  most 
clearly  seen  in  the  second-order  emission  of  Fe  XVI  335A,  which 
appears  at  670A  against  an  essentially  zero  background.  At  those 
temperatures  of  A  to  5  x  10^*  °K,  the  coronal  enhancement  appears  as 
two  larger,  fairly  well-defined  regions  of  much  less  complex  struc¬ 
ture. 

A  quite  well-defined  plage  region  appears  on  the  disk  at  the 
same  position  as  Feature  3,  and  the  association  of  Feature  <♦  with  a 
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plage  region  just  behind  the  limb  has  already  been  pointed  out.  The 
latter  feature  shows  no  evidence  of  its  presence  in  the  cooler  EUV 
lines  such  as  0  V  at  630A,  and  :begins  to  appear  only  faintly  in 
Ne  VII  at  465A,  at  a  temperature  of  5  x  .'03  °K.  As  seen  on  April 
28,  then,  we  may  consider  Feature  4  as  being  purely  coronal. 

B.  Limb  Observations 

A  particularly  useful  comparison  of  the  EUV  radiation  from  the 
solar  corona  would  be  with  limb  spectra  from  a  coronagraph-spectro- 
graph  in  such  fprbidden  lines  as  Fe  X  6374A  and  Fe  XIV  5303A. 
Unfortunately,  the  only  limb  spectra  available  near  the  time  of  the 
rocRet  flight  were  taken  on  April  27  at  Sacramento  Peak  Observatory, 
the  day  before  the  flight  occurred.  The  details  of  the  limb  enhance¬ 
ment  in  the  visible  lines  are  thus  not  directly  comparable  with  the 
EUV  observations  except  in  a  qualitative  sense.  However,  certain 
characteristics  of  the  structure  of  the  visible  line  radiation 
are  quite  interesting  and  have  their  evident  counterparts,  in  the 
EUV  spectroheliograms  taken  on  the  next  day. 

Figures  I1I-3  and  III-4  show,  respectively,  the  Sacramento  i\ 
limb  spectra  for  April  27  taken  at  high  resolution,  in  the  rug j.ou.-> 
of  6374A  and  5303A,  respectively.  The  spectra  are  centered  at  •  b,J 
position  angle  on  the  solar  disk  as  measured  clockwise  iron  u»«* 
north  point  of  the  solar  limb.  The  P-eorrection  for  the  u.  Le.. 

April  27  and  28,  1%6  was  nearly  -25°,  thus  the  spectra  ur<  centereu 
about  a  point  on  the  east  limb  at  20°X  latitude.  A  point  1 y  point 
comparison  of  the  intensity  profiles  of  these  spectra  .a.ows  a  rather 
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l»ro;ul  maximum  at  nearly  20"N,  with  two  maxima  of  Lessor  width  on 
either  side.  This  enhancement  corresponds  closely  to  Lhe  position 
and  extent  of  Feature  3  on  the  same  date,  and  we  may  safely  identify 
the  forbidden-line  enhancement  with  the  active  region  and  forbidden, 
line  enhancement  listed  as  Feature  3.  In  addition,  there  appears 
a  bright  knot  of  emission,  at  5303A  poleward  from  the  other  feature. 
This  emission  does  not  appear  in  the  red  line.  The  overall  impresr 
sion  gained  from  the  two  spectra  is  that  the  green  line,  which  is 
representative  of  hotter  material  than  the  red  line,  exhibits  the 
same  general  variation  in  brightness  along  the  limb  in  an  active 
region,  but  possesses  one  additional  important  characteristic; 
namely,  the  addition  of  very  bright,  concentrated  maxima  presumably 
representing  hot ,  dense  Vkriots"  of  coronal  material. 

The  quiet  corona  adjacent  to  the  active  region  shows  a  general 
increase  in  red-line  emission  towards  the  equator,  and  an  increase 
of.  the  green-line  emission  poleward.  The  former  phenomenon  is 
similar  to  the  behavior  of  the  solar  limb  as  seen  in  Mg  IX  at  368A 
on  the  liUV  spectroheliograms.  The  latter  effect  appears  to  be  due 
to  the  presence  of  other  coronal  activity  to  the  north  of  the  main 
feature,  because  the  axis  of  solar  rotation  is  inclined  to  the  plane 
of  the  sky  with  the  north  pole  inclined  away  from  the  observer  by 
an  angle  of  15  =  A0,  the  belt  of  activity  appears  to  be  displaced  to 
the  north  as  one  moves  in  slightly  from  the  limb. 

The  primary  feature  in  both  the  red  and  green  lines  appears  to 
extend  along  an  arc  of  about  5°  at  the  solar  limb,  and  is  a  .tended  to 
either  side  by  enhancements  about  3°  in  width.  The  total 
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nortii-to-south  distance  of  Feature  3  as  it  appears  in  the  F.UV 
lines  is  also  about  11° ,  although  filmgrain  noise  makes  the  boundary 
of  the  liUV  enhancement  less  well  defined  than  it  is  in  the  visible 
lines.  A  localized  brightening  does  appear  in  Feature  3  soutn  of 
the  brightest  portion  of  the  enhancement  in  some  of  the  brighter 
lines,  notably  335A  and  361A  of  Fe  XVL.  The  fact  that  there  j.s 
a  difference  of  one  day  between-  the  two  observations  makes  uetailod 
comparisons  uncertain,  both  because  of  solar  rotation  and  possible 
time  changes  in  the  physical  structure  of  the  enhancement.  A  look 
at  the  Ca-K  picture  clearly  shows  the  part  of  Lise  pi  age  closest 
to  the  limb  to  be  made  up  of  a  threefold  structure.  The  central 
maximum,  winch  is  the  brightest  portion  of  the  region,  conencts 
with  another  maximum  to  the  south  by  a  bright  channel,  whereas  die 
northern  appendage  is  separated  by  a  dark  region. 

We  conclude,  then,  that  there  is  a  one-to-one  correspondence 
between  the  elements  of  Feature  3  as  seen  in  Ca-K,  and  in  the 
coronal  visibJe  and  EUV  radiation,  sc  least  among  elements  ot  the 
order  of  size  of.  a  few  degrees  on  tne  solar  disk.  The  coronal 
emission,  however,  shows  little  structure  cn  a  smailer  scale  than 
this,  although  tne  presence  of  lines  of  widely  aituring  temperature, 
in  the  same  region  of  the  corona  suggests  unresolved  corona i  struc¬ 
ture  on  an  even  smaller  scale.  There  t  ius  appears  u>  be  „  continuity 
in  the  gross  structure  of  an  enhancement  with  the  underiyi  y,  plug* 
tin  is  preserved  across  the  transition  region,  out  true  du  e.-.  us 
small  as  the  chromospheric  network  are  completely  smeareu  >ut  i>> 
tin-  time  they  roach  the  corona. 
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C.  The  liUV  Spectrohcliograms 

1.  Line  Predictions  and  Observations 

TabJes  111— .L  to  Iil-9  list  all  the  predicted  lines  arising 
from  the  screening  transitions'  2s^2pn  ->  2s2ptl+^  of  the  lie  1  to 
F  1  isoelectronic  sequences,  and  the  2s  2p  transitions  of  the 
Li  I  sequence  for  the  elements  0,  Ne,  Mg,  Si,  and  S.  In  addition, 
the  resonance  lines  of  Al  XI,  X;  P  Xlll,  XII;  and  Na  Vlll  are 
included  because  of  the  intensity  of  the  resonance  lines  from  the 
Li  I  and  lie  I  sequence.  Also  included  are  the  lines  arising  from 
the  Fe  ions,  and  a  few  of  the  stronger  nickel  lines.  All  the  lines 
listed  may  -be  excited  directly  from  the  ground  term  or  from  some 
metastable  level.  Recent  computations  by  Bely  (1966a,  1966b)  of 
the  collisional  cross  sections  of  the  lithium  type  ions  indicate 
that,  in  these  ions  at  least,  the  quadrupole  excitation  -cross 
sections  in  some  cases  are  larger  than  the  permitted  dipole  cross 
sections.  Therefore  a  metastable  level  might  be  easily  excited  and! 
could  suffer  a  second  collision  to  the  upper  level  of  an  enhanced 
line.  We  thus  see  lines  of  different  multiplicity  in  the  same  ions, 
aJ though  the  non-resonance  lines  are  decidedly  weaker.  For  the  very 
high  temperature  ions,  departures  from  L-S  coupling  destroy  meta¬ 
stability  and  the  enhanced  lines  must  b>*  excited  directly  from  the 
ground  state.  We  therefore  observe  enhanced  lines  only  in  a  few  ions 
whose  temperature  is  rather  low  (£  10^  ’K). 

The  quantities  f^^.  represent  the  effective  oscillator 
strengths  rather  than  the  actual  f-values  of  the  lines  in  question. 
Tiie  method  of  calculating  them  from  the  actual  f-values  Is  described 


in  Chapter  V.  For  the  sake  of  consistency  within  an  isoeiectronic 
sequence,  the  oscillator  strengths  were  taken  for  the  most  part 
from  Varsavsky  (1961)  for  resonance  transitions,  although  more 
recent  values  as  compiled  by  Pottasch  (1967)  will  be  used  later  in 
the  data  reductions.  The  f-values  not  directly  given  by  Varsavsky 
were  obtained  from  the  relative  line  strengths  in  L-S  coupling 
(Allen  1963).  Departures  from  L-S  coupling  become  increasingly 
important  for  the  ions  of  greater  charge;  however  a  check  is  possible 
in  the  case  of  Fe  XIII  with  intermediate  coupling  line  strengths 
calculated  by  House  (1967).  The  L-S  coupling  approximation  for 
F6  Kill  gives  f-values  in  agreement  with  House's  results  to  within 
a  few  percent. 

Since  uncertainties  of  several  tenths  of  an  Angstrom  in  the 
measured  wavelengths  of  the  emission  features  in  the  spectrohelio- 
grams  exist,  a  somewhat  roundabout  method  of  identifying  some  of  the 
weaker  lines  had  to  be  used.  When  possible,  a  comparison  was  made 
with  slit  spectra  taken  by  NHL  during  other  [lights  to  determine  the 
wavelengths  of  the  emission  features  more  accurately  than  would  be 
possible  by  direct  measurement.  As  might  be  expected,  nearly  all 
lines  obse/rvable  on  the  spectroheliograms  were  also  visible  on  tiie 
slit  spectra.  The  table-,*  at  the  end  of  the  chapter  then  confirmed 
most  of  the  earlier  identifications.  In  the  longer  wavelength 
regions  Q  400A)  only  the  very  strongest  lines  were  visible  in  the 
slit  spectra,  and  several  low  excitation  lines  were  recorded  for 
the  first  time  on  the  spectroheliograms  as  plage-type  f entires. 

A  good  example  is  a  group  of  lines  of  Mg  VI  and  Me  VI  at  around  400A. 
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The  following  subsections  give  a  description  of  the  identified 
lines  and  include  several  lines  in  the  discussion  whose  appearance 
on  the  spectroheliograms  is  uncertain..  In  particular,  lines  between 
264  and  304A  which  overlap  the  He  /XI  Lyman-alpha  image  at  the  east 
limb  may  be  quite  strong  yet  invisible  Ln  the  sharp  features  used 
for  identification  due  to  the  overpowering  strength  of  the  He  II 
disk  image. 

2.  Lithium  Sequence 

The  properties  of  the  lithium-type  ion  emission  have  been  dis¬ 
cussed  briefly  by  C.  Pecker  (1963)  and  by  Tousey  (1963,  1964).  In 

spite  of  comparatively  small  oscillator  strengths  (;£  0.1)  the 

2  2 

resonance  doublet  2p  P 3y2  ^  *'  2s  *1/2  eas-L^  Seei1  in  Lilt‘ 

more  abundant  elements.  Two  effects  combine  to  .increase  the  strength 
of  the  lines.  First,  the  comparatively  small  value  of  W/k'i  results 
in  a  large  value  of  the  Gaunt  factor  P(W/kT),  and  this  increases 
the  collisional  excitation  rate.  Also,  as  we  shall  ^>ee  later,  the 
relative  abundances  of  these  ions  de; .eases  rather  slowiy  with 
increasing  temperature. 

The  sequence  first  appears  with  the  lino.-.  009. HA  anu  02i.3A 
of  .Mg  X.  Tnese  lines  appear  rather  weak  because  ot  the  overlapping 
with  emission  from  the  O  V  629. '/A  disk,  and  Lae  low  transmission 
of  the  aluminu.ii  filter  at  these  wavelengths.  Aitu*  ugh  most  of  tin. 
solar  image  at  (09. HA  overlaps  the  seco  id  order  hi  11  Lynun  -alpha 
image,  the  east  limb  of  the  Mg  X  line  projects  onougn  bey.uiJ  the 
helium  disk  to  rrake  features  (3)  aim  ^  >  visinie. 
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The  two  corresponding  lines  of  A1  XI  at  550. OA  and  568. 5A 
are  not  evident  due  to  the  low  abundance  of  aluminum  on  the  sun, 
and  the  fact  that  they  are  superimposed  upon  images  of  0  IV  at 
554A  and  He  I  at  584A. 

Both  lines  of  Si  XII  at  499. 3A  and  521. 1A  are  prominent.  The 
lines  of  P  XIII  at  456.1  and  481. 4A  are  absent,  although  there  is 
a  very  .weak  line  at  about  483A  that  remains  unidentified.  It  is 
tempting  to  assign  this  line  to  P  XIII;  the  other  line  is  however 
definitely  not  present.  The  483A  line  is  more  likely  the  second 
order  image  of  an  unidentified  but  strong  line  at  241. 7A. 

A  similar  situation  exists  for  S  XIV  which  according  to 
photospheric  abundance  determinations  by  Goldberg,  Muller,  and  Aller 
(1960)  should  emit  almost  as  strongly  as  Si  XII.  A  strong  line  is 
present  at  422A  which  could  correspond  to  Ivanov-Kholodnyi  and 
Nikolskii’s  (1962)  extrapolation  of  the  S  XIV  K-line  as  being  at 
421A.  The  other  line  at  around  446A  is  not  in  evidence,  however, 

"-•l  the  line  at  422A  is  more  likely  the  second  order  of  a  line  of 
ie  XIV  at  211A. 

3.  Beryllium  Sequence 

2  1 

The  resonance  singlets  of  the  Beryllium  sequence  (2s  -► 

2s2p  ^P^)  are  possibly  in  evidence  continuously  from  0  V  at  629. 7A 
to  Si  XI  at  303. 4A  with  the  exception  of  F  VI  and  Na  VIII,  although 
A1  X  is  very  weak.  The  629. 7A  line  of  0  V  is  very  strong  with  most 
of  the  emission  coming  from  the  disk,  and  the  active  regions  showing 
considerable  plage-type  structure,  Ne  VII  at  465. 3A  is  also  strong 
but  shows  less  disk  emission  and  some  evidence  of  extended  coronal 
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emission.  Feature  3  is  evident  as  a  sharp  plage  at  the  base  of 
extended,  diffuse  coronal  emission.  Mg  IX  appears  strongly  at 
368. 1A  and  continues  the  trend  toward  more  diffusa  radiation 
associated  with  the  corona,  less  emission  from  the  disk,  and  less 
noticeable  plage-type  structure.  Limb  brightening  is  still  very 
strong.  A  line  at  330A  was  observed  by  Tousey  and  was  suggested 
by  him  to  be  A1  X  332. 9A;  this  line  is  also  present  weakly  in 
Features  3  and  4.  Si  XI  at  303. 6A  falls  almost  completely  upon 
the  He  II  303. 8A  image,  but  the  active  coronal  emissions  are 
evident  due  to  the  strength  of  the  line.  Pottasch  (1964)  identifies 
a  line  at  278. 7A  from  Hinteregger 1 s  (1964)  data  as  arising  from 
P  XII,  but  the  weakness  of  the  line  and  the  presence  of  the  He  II 
304A  disk  superimposed  on  the  east  limb  prevent  its  appearance  on 
the  spectroheliograms.  The  line  of  S  XIII  at  257.3A  is  present 
but  badly  blended  with  other  lines  of  silicon  and  sulfur. 

The  triplet  spectra  of  the  beryllium-type  ions  are  seen  with 
reasonable  certainty  only  in  the  case  of  Mg  IX.  Zirin  (1964) 
identifies  a  line  at  444A  as  arising  from  the  Mg  IX  triplet,  and 
the  spectroheliograms  show  weakly  other  lines  at  about  449A  and 
440A.  The  corresponding  lines  of  Si  XI  lie  between  365A  and  372A 
and  are  not  apparent.  Part  of  the  reason  for  their  absence  may  be 
the  wealth  of  faint  lines  in  this  region  from  Mg  VII,  and  the  strong, 
diffuse  line  of  Mg  IX  at  368, 1A. 

4.  Boron  Sequence 

The  lines  of  the  boron  sequence  are  in  general  considerably 
weaker  than  those  of  the  lituiuin  and  beryllium  sequences,  largely 
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because  die  .Large  number  of  transitions  possible  makes  the  oscil- 

Lator  strength  o£  each  rather  small.  The  comparatively  small  term 

splitting  in  this  series  gives  rise  to  rather  close  blends  of  lines 

which  are  difficult  to  separate  in  images  of  extended  features. 

2  ’> 

In  0  IV  the  term  splitting  is  very  small.  The  P  P 

transitions  produce  a  blend  at  around  5r)4A  which  is  quite  strong 

due  to  the  high  abundance  of  oxygen.  Considerable  emission  arises 

from  the  quiet  regions  of  the  solar  disk,  but  limb  brightening  is 

also  pronounced  in  contrast  to  the  helium  images.  The  'ines  ol 
2  2 

Luo  multiple!  L>  k  S  may  he  present  at  008 . 4A  and  CUV . 8 A  Cut  are 
blended  considerably  with  second  order  lieLiut.  Lyman -alpha  ana  Mg  X 
CU9.8A. 

The  spectrum  of  No  VI  is  very  faint,  and  the  resonance 
2  ) 

P  *  0  lines  at  44‘JA  and  3o2A  are  unobservable  in  tne  spoe.ro- 

ueiiograms,  partially  because  of  overlap  with  the  he  1  jOAA  disk 
image.  The  two  lines  expected  from  the  “I1  r  ^8  transitions  ..t 
430A  and  n32A  are  not  evident  with  certainty  eitner,  out  are  obs¬ 
cured  by  resonance  lines  of  Mg  Vil.  Urn  line  present  ..l  aaoul  4u2A 

in  tenure  i  as  a  small,  plage-type  feature  corresponds  u  t.a 

2  2  2  2 
strongest  line  of  tne  1*  ►  P  multiplet  at  4Qi.VA  •  P 

»!  2  >,  » 

fiie  other  fines  are  considerably  weaker  m  l-8  coup! lug  .me  ai'i 

masked  b>  the  resonance  lines  of  Mg  Vi  which  are  ai  ,.o.>t  iui  iln.il 

in  ippearan*  e.  A  very  we. at  line  on  the  red  side  of  VI  id. 3 A 

2  2 

piMiMbl’,  irises  t  roc.  1*,..  >  t*  ,  ol  Nr  VI  ..l  iV'i.f...  il  lao 

i/2  >/ 2 

remaining  line.-.,  the  3/2  ■  ifj  Liansilijn  at  ’•(»>.  i.\  i.aml-.  aiit.Ooe 
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exactly  with  a  Mg  VI  line  of  the  same  wavelength,  and  the  1/2  -> 

L/2  transition  at  401. 1A  blends  with  Mg  VI  400. 7A. 

I he  spectrum  of  Mg  VIII  is  present  with  a  good  many  lines 

including  the  resonance  doublet  at  430. 3A  and  436. 7A.  Lines  of  the 
2  2 

P  *  P  multiplet  are  present  at  311. 8A,  313. 7A,  313. 0A  and  317. OA, 

2  3  4 

but  tiiese  are  obscured  somewhat  by  the  lines  of  the  2s  2p  b  ' 

2s2p *  S’  transitions  of  Si  VIII.  The  ^P  ->  multiplet  is  not 
visible. 

Tousey,  ut.  al.  (1%5)  identify  a  line  at  336. OA  as  arising 

2  4  3  4 

from  the  quartet  terms  2s2p  ^3/2  *  ^3/'''  111  i,s  appears 

very  faintly  on  Lhe  spectroheliograms  as  a  plage  in  Feature  tl).  un 

other  lines  of  the  multiplet  at  352. -.a  and  353. »A  are  also  present. 

The  Line  at  35b. OA  is,  however,  almost  exactly  coincident  with  .. 

2  •> 

close  resonance  pair  of  bi  X  P^^  >$/■)  3/ ;  at-  356. 1A.  atnee 

the  other  line  at  347. 4A  is  also  preseat,  the-  330A  l  me  i,...ot  oe 
considered  a  biend. 

Other  lines  of  tne  bi  X  oouomi.  transitions  at  272A  .»..d  27 A. 

nave  Seen  observed  by  lousey  et.  at.  (.IVfab)  and  taaiUlu..  as  tut. 

2  2 

“P  •  “S  transitions,  out  they  are  completely  ...askeu  ..t  mi  m.-.i  1  t„,e 

h>  tne  lie  il  Lyman  -alpna  iine.  Near  tne  west  limb  .1  00. -....i  . . 

:.ent  is  seen  il  the  proper  position  ol  Featuri  M)  a,  tn.  v.c.'.- 
e hg til  . a^iou  |  Out  Cite  acature  Is  too  cxlc.iceii  1  0 1  .»  UnV.  v  1*  k, L *  * 
measurement . 

beveral  lines  appear  on  the  spec:  rohei**'  .1  a..  >  1.1  m<  a - 
254A  -  2olA  which  may  ne  attcmuleu  g  n*li>  in  i..i  “1  ■  '  1  .  ran  .  •  t  ».<n 
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of  Si  X.  These  lines  are  blended  with  several  lines  of  the  S  a 
resonance  quartet  and  are  difficult  to  identify  individually. 

The  quartet  lines  of  Si  a  lie  around  290A  and  the  same  dif- 

o  2 

ficulty  in  ..  a  serving  them  as  in  observing  the  -►  S  lines  applies. 

There  is  an  enhancement  corresponding  to  Feature  1  at  this  wavelength, 

•’2  3  3  3 

buL  otbur  contributors  could  be  the  2s  2p  P  ->  2s2p  P  transitions 

Si  IX  (a  resonance  multiplet)  and  the  3s  'y  3p  ^^3/2  -93.3A 

transition  of  Ni  XVIII.  Also  contributing  to  the  emission  at  290A 

2  2 

of  Feature  1  could  be  the  resonance  multiplet  I'  -»  u  of  S  XII. 

Xo  lines  of  S  XII  have  been  observed  with  any  certainty, 
although  many  predicted  lines  either  lit  in  tne  He  Li  J04A  disk  at 
their  east  limb,  or  become  difficult  to  pick  out  in  the  short  wave¬ 
length  end  of  the  spectroheliograms .  In  addition,  the  energy  levels 
are  uncertain  and  had  to  ne  obtained  by  an  extrapolation  of  Moore's 
(1949)  data. 


3.  carbon  Sequence 

The  caroon  sequence  is  similar  • a  tuo  boron  sequence  in  tnat 

many  close  blends  are  formed  by  the  small  term  splittings. 

emission  from  U  III  is  completely  absent  in  the  wavelength  range 

under  consideration  nere,  altnough  Moon's  (1949)  i.juic.-,  ^nun'i 

throe  lines  from  the  "V  »  ^S.  multiplet  at  S07.4A,  jO"/.7A  ana 

u  » 1  >  <-  X 

50S.2A  respectively.  If  present,  these  lilies  suouid  appe..r  a> 
emission  from  the  disk;  their  absence  is  a  result  <>t  the  tmi  UmL 
the  temperatures  necessary  for  their  foimation  tLC’’  p  *.»*«.■  their 

origin  low  in  th.*  cliromospnere-coronai  transition  region.  ae  a.. want 
of  emitting  material  in  this  region  apvars  to  be  very  si..al  ,  im.. 


conclusion  is  similar  Co  tnac  of  Kozlovsky  and  Kirin  (1968)  ,  who 
have  studied  the  coronal  emission  of  0  VI  at  somewhat  higher  temp¬ 
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eratures.  Apparently  absent  also  are  the  lines  of  Me  V.  The 

resonance  lines  at  568A  -  572A  are  masked  anyway  by  the  He  1  584A 
3  3 

line,  but  the  P  ->  P  lines  at  480A  -  483A  should  be  more  easily 

visible  if  they  were  present  with  comparable  intensity.  The 

^P  ->  ^8  triplet  at  358A  -  359A  is  also  not  in  evidence. 

3  3 

The  resonance  P  ->•  1)  lines  of  Mg  VII  range  from  429A  to  4J0A 

3  3 

and  are  present  with  fair  intensity.  The  P  ->  P  lines  at  364A  - 

3  j 

J63A  are  also  present  with  much  less  intensity.  The  P  ■>  "'S  lines 
at  27uA  -  278A  are  badly  blended  with  other  lines  of  Si  Vit  anu 
S'  X,  and  in  Features  (3)  and  (4)  are  obscured  by  the  He  I]  304A 
disk. 

Faint  images  of  the  limb  at  342A,  345A,  and  350A  appear  to  bo 

due  to  the  resonance  lines  of  Si  IX.  Tne  first  of  these,  however, 

may  be  blended  with  second-order  171A  emission  from  Fe  IX.  noth 

Features  3  and  4  are  present  at  342A,  out  Feature  3  takes  on  more 

of  a  coronal  enhancement  appearance  than  that  of  a  plage,  «Itnoug.i 

a  small  brightening  remains  at  the  center.  The  Jp  >  P  transitions 

suffer  from  interference  with  the  He  II  J04A  disk,  and  possibly  ..i  >* 

some  resonance  lines  of  8  XI.  The  ^P  ->  transitions  at  224A  - 

227A  may  weil  contribute  to  the  very  wine  nana  of  uiended  ijues  in 

that  region,  uther  multiplets  lying  in  the  same  region  are  iron. 

3  3 

8  IX  and  8  X.  The  lines  or  tne  P  >  S  muitipiet  oi  o  .u  a.  LbbA  - 


191 A  do  not  appear. 
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6 .  Nitrogen  Sequence 

4 

The  ground  term  S  of  the  nitrogen  sequence  is  unsplit  and 

4 

connects  by  permitted  transitions  with  only  one  other  term,  P. 

Although  the  oscillator  strengths  are  not  particularly  large,  the 
4 

splitting  of  the  P  term  is  sufficient  to  make  most  of  the  identi¬ 
fications  of  these  lines  fairly  reliable. 

No  lines  of  Ne  IV  are  evident  with  any  certainty.  Mg  VI  appears 
fairly  conspicuously  at  399A  -  403A,  but  its  lines  are  partially 
blended  with  those  of  Ne  VI  in  the  same  region,  as  described  in 
subsection  4  of  this  section.  The  Si  VIII  lines  at  314A  -  320A 
are  superimposed  on  a  non-resonance  Mg  VIII  multiplet,  but  the  lower 
temperature  at  which  the  latter  is  present  (,v  800,000  °K)  makes 

these  lines  fairly  readily  distinguishable. 

The  spectrum  of  S  X  has  been  observed  experimentally  by  Kononov 
(1965)  who  fixes  the  resonance  quartet  lines  at  257. 1A,  259. 5A, 
and  264. 3A.  The  last  of  these  is  blended  with  Fe  XIV  at  264. 5A. 

The  first  two  may  contribute  appreciably  to  the  wide,  complex  blend 
of  lines  at  256A  -  258A. 

7.  Oxygen  Sequence 

Only  the  resonance  triplet  of  Mg  V  at  351A  -  355A  is  evident 
with  any  degree  of  certainty  as  a  weak  series  of  plage  images  of 
Feature  3.  The  lines  of  Si  VII  at  273A  -  278A  are  covered  by  the 
He  II  disk,  and  the  lines  of  S  IX  at  221A  -  229A  (Kononov  1965) 
are  badly  blended  with  other  lines  of  Si  IX. 

8.  Fluorine  Sequence 

The  resonance  lines  of  the  fluorine  sequence  mirror  the  reso- 

o 


nance  doublets  of  the  lithium  sequence;  an  inverted 


P3/2,  1/2 
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2 

term  connects  with  a  S  term.  The  two  lines  of  Mg  IV  are  not  appar¬ 
ent  at  321A  and  323A,  but  Si  VI  emits  weakly  at  246. OA  and  249. 1A. 

The  two  lines  or  S  VIII  occur  at  198. 6A  and  202. 7A  in  a  region  that 
contains  a  large  number  of  lines  from  Fe  XIII  (Fawcett  et.  al. 

1966,  1967)  which  are  very  incompletely  observed.  The  second  of 
these  lines  may  possibly  account  for  a  part  of  the  emission  of  a 
long  unidentified  line  at  around  202A. 

9.  Spectra  from  n  =  3  Electrons 

By  far  the  most  important  contribution  to  lines  of  the  sodium 
to  argon  sequences  comes  from  iron  in  the  corona.  The  spectra  of 
Fe  VIII  -  Fe  XIV  in  the  region  from  170A  to  220A  were  largely  unknown 
until  comparatively  recently  due  to  the  long  uncertain  extrapolations 
required  from  elements  of  lower  ionization  in  the  same  series. 

Because  of  their  intensity  and  strong  analogy  with  the  lithium  and 
beryllium  sequences,  the  resonance  lines  of  Fe  XVI  at  335. 4A  and 
360. 8A  and  of  Fe  XV  at  284. 1A  were  easily  identified  shortly  after 
their  first  observations.  (Hinteregger  1961;  Hall,  Damon  and  Hin- 
teregger  1963).  Another  possible  line  of  the  magnesium  sequence  is 
Ca  IX  at  466. 2A  which  is  visible  in  the  spectroheliograms  as  a 
faint  line  just  to  the  red  of  Ne  VII  465. 3A.  Diffuse  emission  from 
Feature  1  at  about  290A  suggests  that  Ni  XVIII  293. 3A  of  the  Na  I 
sequence  may  be  partially  responsible;  however,  the  companion  line 
at  322, OA  does  not  appear. 

The  remaining  sequences,  from  aluminum  (Fe  XIV)  to  argon 
(Fe  IX)  are  represented  in  the  spectroheliograms  solely  by  iron. 

The  lines  from  these  spectra  divide  themselves  into  two  groups  — 
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screening  transitions  o£  the  type  3s^3pn  ->  3s3pU+^  and  transitions 
involving  a  p  ->■  d  jump,  3pn  ->  3pn  Sd.  The  former  are  the  resonance 
spectra  but  are  quite  poorly  known.  The  lines  arising  from  these 
transitions  lie  in  the  region  of  340A  -  390A  (Varsavsky  1961,  House 
1967).  Several  lines  of  low  to  moderate  intensity  are  evident  in 
this  region  and  may  in  the  future  be  attributed  to  iron. 

The  3p  ->  3d  transitions  of  Fe  IX  -  XIV  span  Che  range  of  171A 
to  220A  and  result  in  strong  emission  from  the  corona  for  which 
detailed  identification  has  only  recently  been  established.  The 
first  step  in  identifying  these  lines  was  made  by  Fawcett  et.  al. 
(1963)  who  noticed  a  coincidence  between  the  solar  lines  and  those 
present  in  a  Zeta  discharge.  It  appeared  that  the  Zeta  iron  lines 
resulted  from  contamination  of  the  plasma  by  the  steel  walls. 

Further  work  by  Elton  et.  al.  (1964),  House,  Deutschmann,  and  Sawyer 
(1964) ,  and  by  the  Culham  Laboratory  group  in  England  (Fawcett  and 
Grabriel  1965,  1966;  Gabriel,  Fawcett,  and  Jordan  1965,  1966;  and 
Fawcett,  Gabriel,  and  Saunders  1967)  has  resulted  in  a  gradual 
identification  of  the  lines  in  this  region,  the  most  recent  being 
those  of  Fe  Xlli. 

As  the  n  =  3  shell  empties  from  Fe  IX  to  Fe  AiV  me  VMVcj.engi.ns 

of  the  3p  ->  id  transitions  slowly  increase  in  a  regular  maimer. 

The  Fe  VIII  ion,  although  belonging  to  tue  potassium  oc  Lao 

a  ground  configuration  of  3p^3d  rather  than  3p^4s.  The  ic  vnma 

lines  therefore  arise  from  screening  transitions  u  , ,  ,  ,  ‘ 

5  2  2 

3p  3d  F^2  7/2  at  1^.6A  and  U55.2A.  This  reverse..  lac  trend 

of  decreasing  wavelength  with  decreasing  ionization. 
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Table  1II-4 


C  I  sequence 
2s22p2  ->-  2s2pJ 


Trans 


A  3 
P  ->  I) , 
o  1 

3A 

*ri\ 

3  3 

Al 

VB2 


3  3 

P  ->  P, 
o  1 

3  3 

p  +Jp 

1  2,1,0 

3P  >3P 

2  *2,1 


0  III 
A  f  , 


569.8 
569 . 8 
572.0 
572.1 


V 

Mg 

VII 

Si 

IX 

S 

feff 

A 

fef£ 

A 

leff 

A 

.02 

429.1 

.018 

342.0 

.013 

280.6 

.07 

431.2 

.05 

345.0 

.04 

284.0 j 

431.3 

345.1 

285. 7| 

.02 

434.6 

349.7 

287.7 

434.7 

.014 

.011 

349.8 

289.5, 

.09 

434.9 

.07 

350.0 

.06 

289.7 

.015 

363.7 

.012 

290.6 

.010 

240.5 

.05 

365.? 

.04 

292.8 

.03 

243.0 

.08 

367.7 

.06 

296.2 

.05 

245 . 7 

V\ 

507.4 

.04 

358.0 

.03 

276.1 

.02 

223.7 

.017 

187.6 

.014 

A 

S  ,3sj 

507 . 7 

.13 

358.5 

.08 

277.0 

.06 

223.0 

.05 

189.1 

.04 

508.2 

.21 

359.4 

.14 

278.4 

.11 

227.0 

.08 

190.8 

.07 

S  \ 

599.6 

416.2 

319.0 

258.1 

216.2 

1 

“2*  'i 

525.8 

365.6 

280.7 

227.3 

191.0 

ls  ‘V 

0  1 

597.8 

416.8 

32C.5 

259.7 

217.8 
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Table  II1-5 

N  sequence 

2  3  4 

2s  2p  ->  2s2p 


Ne  IV 

Mg  VI 

Si 

VIII 

S  X 

Trans 

A  feff 

A  f  „ 

ef  f 

A 

f  eff 

A  f  re 

eft 

S3/2_>  P5/2 

543.9  .25 

403.3  .18 

319.8 

.14 

264.3  .12 

4  4 

S3/2'V  P3/2 

542.1  .17 

400.7  .12 

316.2 

.095 

259.5  .08 

4  4 

b3/2  1 1/2 

541.1  .08 

399.3  .06 

314.3 

.048 

257.1  .04 

\i\n 

469.8 

349.2 

277.1 

228.7 

2  2 

1J  ,v  1) 

U5/2  3/2 

469.8 

349-.  1 

277.1 

^3/2^  °5/2 

469.8 

349.2 

276.9 

U3/2''  U3/2 

469.8 

349.1 

276.8 

228.2 

°5/2>  P3/2 

358.7 

270.4 

216.9 

180 . 7 

D3/2'  P3/2 

358.7 

270.4 

216.8 

180.4 

°3/2‘r  P 1  / 2 

357.8 

269.0 

214.8 

177.6 

\l2>lD5l2 

521.8 

388.0 

308.3 

225.1 

2  2 
hiiSn 

521.8 

388.0 

308,2 

~Pl/2  >”*)3/2 

521.7 

387.8 

307.7 

~Pl/2  *  Sl/2 

421.6 

314.6 

250.6 

2  2 , 

P3/2  V  bl/2 

42.1.6 

314.7 

251.0 

P3/2 "  P 3 / 2 

388.2 

293.1 

235.0 

2p3/2  >2pi/2 

387.2 

291.5 

233.2 

196.8 

2  2 
pl/2*  *'3/2 

2fm\n 

388.2 

387.2 

293.0 

291.4 

235.2 

232.  a 
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Table  III-6 


0  I  sequence 
2s22p4  ->  2s2p"' 


Mg  V 

Si 

Vll 

S  IA 

Trans 

A 

fe£f 

A 

feff 

A 

lef£ 

3p2  ' 

353.1 

.14 

275.4 

.11 

224.8 

.69 

3P,  -> 

3pi 

351.1 

.05 

272.6 

.04 

221.3 

.03 

V 

3p2 

355.3 

.05 

278.4 

.04 

228.9 

.03 

V 

3pi 

353.3 

.02 

275.7 

.02 

225.3 

.018 

3pl 

3l> 

o 

352.2 

.04 

274.2 

.03 

223.3 

.02 

Jp  -> 
o 

354. 2 

.04 

276.8 

.03 

226.6 

.02 

2 

276.6 

217.8 

179.3 

xs  -> 
0 

312.3 

246.1 

202 . 0 
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Table  II1-7 

F  I 


Mg  IV 


Trans 

A 

feff 

2  2 

1 3/2  1/2 

321.0 

.15 

2  2 
l/2  bl/2 

323.3 

.07 

sequence 
*>■  2s2p'J 


Si  VI 

S  VIII 

.\ 

f  eff 

A  i 

'eff 

246.0 

.11 

198.6 

.09 

249.1 

.06 

202.7 

.04 

Table  III-8 


Ion 

Fe  XIII 

Fe  IX 
Fe  X 

Fe  XI 


Fe  XII 


Fe  XIII 


-•9 


p  -  d  transitions  of  Fe  ions 


Transition 

AJ 

A 

fa  c  0  0 

3p  3d  D  -  3p  3d  “F 

5/2-7/2 

183 . 2 

3/2— 5/2 

.186  .6 

3p6  LS  3p53d1F 

0-1 

171.1 

3p5  2P  ->  3pSd2P 

3/2— 3/2 

177.2 

2P  2d 

1/2-3/2 

173.3 

3  4  1  „  3„  ,1 

3/2— 5/2 

174.6 

o  1)  *►  3p  3d  F 

2-3 

1/9.8 

3P  ->  3D 

2-3 

180.4 

1-2 

182.2 

0  -  i 

181.1 

2-2 

178 . 0 

1  -  1 

— 

3P3  y5n  ->  ^yin 

3/2—7 / 2 

186 . 9 

's  +  ^P 

3/2-1/2 

192.4 

3/2-372 

193.  o 

3/2-3/2 

193.1 

2  1  1 

3p  D  -  3p3d  F 

3-4 

196.6 

3  3 

P  ->  D 

2  -  3 

1-2 

0-1 

'  —  * 

1-1 

203.8 

3p2P  -  3d2D 

/2-3/2 

2-  1.3 

372-3/2 

2  9.1 

Fe  XIV 


Table  III-9 


s  -*•  p  transitions  of  Fe  ions 


Ion 

Transition 

AJ 

A  (A) 

Fe  X 

3s2 

,  5  2.  k  „  ,62. 

3p  P  ->■  3s  3p  S 

3/2-1/2 

347 

1/2-1/2 

367 

Fe  XI 

3s2 

4  3  5  3 

3p  P  ->  3s  3p  P 

2-2 

358 

2-1 

350 

1-2 

376 

1-1 

367 

1-0 

360 

0-1 

369 

Fe  XII 

3s2 

3p2  4S  ->  3s  3p^ 

3/2-1/2 

35b 

3/2— 3/2 

360 

3/2— 5/2 

369 

Fe  XIII 

3s2 

2  3  3  3 

3p  P  3s  3p  D 

0-1 

360 

1-2,1 

373 

2  -  3,2,1 

386 

Fe  XIV 

3s2 

2  ’2 

3p  P  ->  3s  3p“  D 

3/2—5/ 2,3/2 

370 

1/2-3/2 

346 

3s2 

2  2  2 

3p  P  ->  3s  3p  ^P 

1/2-3/2 

251.8 

312-3/2 

264.3 

3/2-1/2 

270.5 

3s2 

2  2  2 

3p  P  >  3s  3p  S 

i/2-1/2 

274.3 

3/ 2—1/2 

288.7 

Fe  XV 

3s2 

iS  *  3s  3p  1P 

0  -  I 

284.1 

Fe  XVI 

3s2 

£  *  3p  2P 

L/2-J/2 

360.8 

<72-3/2 

335.4 

Figure  III-3.  Coronagraph  spectrum  of  the  soiar  limb  in  tie  wave 
length  region  6374A.  (Courtesy,  Sacramento  Peak 
Observatory) . 


PART  TWO  —  THEORY  OF  CORONAL  RADIATION  IN  THE  EXTREME 

ULTRAVIOLET 


CHAPTER  IV 


IONIZATION 

A.  The  Coronal  Approximation 

The  presence  of  a  line  spectrum  from  any  source  of  radiation 
offers  a  means  of  determining  both  the  chemical  composition  within 
tiie  source  and  the  physical  conditions  under  which  Lhe  lines  are 
formed.  As  a  gas  is  heated,  its  atoms  become  ionized  to  a  degree 
which,  in  general,  depends  both  on  the  temperature  and  density  of 
the  gas,  and  the  extent  to  which  the  gas  departs  from  thermodynamic 
equilibrium.  Similarly,  the  ions  become  excited  to  a  degree  that 
also  varies  with  the  same  physical  parameters.  Since  excitation  of 
a  given  ion  presupposes  that  physical  conditions  necessary  for  the 
ion's  formation  are  present,  we  shall  consider  the  problem  of 
ionization  first,  in  this  chapter,  and  treat  excitation  later,  in 
Chapter  V.  It  is  not  immediately  obvious  that  these  two  processes 
may  be  decoupled;  Cor  example,  ionization  may  occur  from  any  state 
of  excitation  of  the  parent  ion,  and  excitations  may  occur  by 
recombinations  from  the  next  higher  stage  of  ionization  to  an  excited 
level.  For  the  present,  I  shall  assume  that  Lhe  processes  inajr  be 
decoupled,  and  later  examine  the  effects  of  possible  deviations 
from  this  assumption. 

Soon  after  the  high  temperature  of  the  solar  corona  became 
apparent,  lliermann  (1947),  and  Woolley  and  Allen  (1948)  realized 


57 

that  the  dominant  processes  governing  ionization  cquiJibirum  in  the 
corona  are  ionization  by  electron-ion  collisions  and  recombination 
by  ion-electron  radiative  capture.  If  q^  and  ^  ate 

the  respective  rate  coefficients  for  these  two  processes,  and  N^, 

N^,  and  N^+^- represent  the  number  densities  of  electrons  and  ions 
of  a  given  element  in  ionization  stages  i  and  i+1  respectively, 
then 


U) 


(2) 


represents  the  equilibrium  population  ratio.  Ln  nearly  all  cases 
the  rate  coefficients  are  functions  of  temperature  only;  therefore 
sucli  an  ionization  balance  renders  the  ion  population  density  inde¬ 
pendent. 

The  validity  of  the  form  of  (2)  for  computing  ionization 
equilibria  is  still  recognized  today,  but  computation  of  the  rate 
coefficients  has  been  greatly  refined,  liarly  attempts  to  calculate 
the  eolLisional  ionization  rate  employed  t ho  Horn  plane-wave 
approximation  (Biermann  1947,  Miyamoto  1949).  This  approximation 
assumed  that  the  electron  energies  are  large  compared  to  the  ion's 
Coulomb  field  potential,  and  that  the  electron  therefore  ma\  be 
treated  as  a  plane  wave.  This  condition  is  poorly  satisfice  in  the 
corona  where  ionization  is  by  thermal  electrons  with  energies  close 
to  the  threshold  energy  at  least  under  non-flare  conditions. 
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More  rigorous  classical  cross  sections  were  computed  by  Woolley 
and  Allen  (1948)  and  lilwert  (1952).  Later  the  cross  sections  were 
recomputed  quantum-mechanically  by  Schwartz  and  Zirin  (1959)  and 
burgess  (1960).  The  former  computation  used  Coulomb  waves  and 
considered  only  the  S  angular  momentum  states,  whereas  burgess 
considered  the  general  case  for  hydrogenic  ions.  The  agreement 
between  the  classical  and  quantum-mechanical  computations  with 
Coulomb  field  is  quite  good. 

More  recent  refinements  in  coronal  ionization  theory  include 
additional  processes  which  affect  the  ionization  in  varying  amounts. 

We  shall  discuss  each  of  these  and  its  effects  in  turn. 

b.  Dielectronic  Recombination 

by  the  early  1960 's  a  serious  discrepancy  between  the  ionization 
temperatures  computed  from  the  coronal  emission  lines  and  the 
temperatures  computed  from  the  lines'  Doppler  broadenings  was  evident. 
A  significant  advance  in  removing  this  discrepancy  was  made  by 
burgess  (1964,  1965a)  and  burgess  and  Seaton  (1964)  with  the  proposal 
that  the  recombining  electron  may  also  excite  the  capturing  ion 
and  in  so  doing  form  a  doubly  excited  state.  This  dielectronic 
recombination  process  had  been  recognized  for  some  time  (Massey  and 
bates  1942,  bates  and  Daigarno  1962)  but  burgess  was  the  firsL  to 
show  that  for  electron  temperatures  nearly  equal  to  the  excitation 
energies,  dielectronic  t  nnbination  can  dominate  the  ordinary 
radiative  recombination  by  as  much  as  one  or  two  orders  of  magnitude. 
Calculations  of  the  ionization  curves  ol  Fe  made  by  burgess  and 
Seaton  (1964)  show  that  the  temperature  of  maximum  abundance  for  each 
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ion  is  approximately  doubled,  and  that  the  ionization  curves  are 
less  sharply  peaked  than  those  of  previous  calculations  (Seaton 
1962,  House  1964). 

If  the  dielectronic  recombination  rate  is  included  in  a.,,  . 

l+l ,  l 

of  (2)  then  the  recombination  rate  is  density  independent  only  in 
the  low  density  approximation.  The  reason  for  this  is  that  ions 
with  extremely  large  quantum  numbers  may  be  formed  in  the  dielec¬ 
tronic  recapture  process,  and  these  ions  may  be  destroyed  by  ionizing 
collisions  before  they  have  time  to  radiate.  The  energy  level  at 
which  this  effect  occurs  is  called  the  thermal  limit  of  the  icn. 

Work  is  now  in  progress  by  Burgess  and  other  investigators  to 
produce  ionization  curves  that  properly  take  into  account  the 
density  effects.  For  the  present,  we  may  easily  compare  the  radia¬ 
tive  do-excitation  and  collisional  ionization  rates  of  ions  of  large 
principal  quantum  number  n,  and  find  out  what  sort  of  quantum 
numbers  may  exist  under  coronal  conditions. 

Consider  the  classical  value  for  the  total  oscillator  strength 
of  an  hydrogenic  ion  for  all  transitions  from  tne  n  to  tno  n1 
shell.  This  is  given  by 
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The  lifetime  of  state  n  against  radiative  decay  is  then 
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Evaluation  of  (5)  is  straightforward  if  we  replace  the  summation 
by  an  integration.  For  n  reasonably  large,  the  assumption  of 
continuity  of  n'  will  make  no  significant  difference.  We  nave 
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liquation  (6)  gives  an  analytic  /aproaentation  of  the  radiative 
lifetime  of  the  n-shell  of  an  hydrogenic  ion.  We  see  that,  apart 
from  a  slowly-varying  logarithmic  factor,  r ^  n^,  and  tne  ions 

of  large  quantum  number  become  extremely  long-lived  if  left  undis¬ 
turbed. 

The  destruction  of  these  large  iois  is  chiefly  by  collisional 
ionization,  wh >se  rate  coefficient  is  given  by  fburguss  ai  u  Seaton 
1964) 
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where  r.  is  the  number  of  electrons  in  the  outer  shell,  x  is 

i 

the  ionization  potential  in  electron  volts,  and  T  is  the  electron 
temperature.  For  an  hydrogenie  on,  =  1.  Furthermore,  for 
large  values  of  n,  the  argument  of  the  exponential  is  small  and 
the  exponential  function  approaches  unity.  We  may  further  express 
X  ,  the  ionization  potential  from  the  nth  shell  by 


13.59  _2 

o  £ 


(8) 


If  we  substitute  (8)  into  (7)  anu  invoke  the  approximations 
described  above  we  obtain 
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q  «  2.72  x  10  T"  n  77. 


(9) 


From  (9),  we  may  obtain  the  lifetime  against  collisional 
ionization  of  an  ion  in  state  n,  which  is  simply, 


i  ,,(n)  =  (N  q  ) 

coll  e  ‘n 
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(10) 


In  addition  to  collisional  ionization  anu  radiative  de-excitation, 
we  need  to  consider  the  possible  effects  of  collisional  excitations 
and  de-excitations  in  establishing  the  thermal  limit  of  an  ion.  A 
collisional  excitation  will  raise  the  energy  level  of  the  outer 
electron  to  a  higher  le\el  which  will  almost  certainly  be  ionized; 
a  de-excitation  will  1  over  the  energy  to  a  level  that  may  easily 
decay  by  either  radiation  or  a  further  collision,  'lne  aduilional 
tendency  for  the  ion  to  undergo  further  ionization  will  then  be  Lhe 
sum  of  all  collisional  excitation  rates  minus  the  '.uw  ol  ,»J  colli- 
sionai  de-excitation  rates  from  state  n.  A  comparison  o!  J>is 
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difference  with  the  direct  collisional  ionization  raLe  will  show 
whether  or  not  we  may  safely  ignore  excitations  and  de-excitations  by 
collisions. 

Wc  may  assume  that  the  collisional  excitation  rate  is  that 
given  by  Van  Regemorter  (1962) 
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with  the  daunt  taetor  of  order  unity.  If  the  energy  of  the  exci¬ 
tation  is  small  compared  with  the  mean  thermal  energy  of  the 
exciting  electrons,  the  value  of  the  exponential  wiLL  be  nearly 
unity.  Upon  substituting  hydrogenic  values  for  the  excitation 
energy,  W  ,,  and  the  oscillator  strength,  f  ,  into  (11),  we  find 
that 
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The  effect  of  collisional  transitions  will  then  be  given  by 
the  summation  of  (12)  over  all  n'  >  n  minus  the  summation  over  all 
n*  ■-  n.  If  we  replace  the  summations  by  integrations  we  find  that 
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and  similarly,  we  may  write  for  the  de-excit  itioiis 
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n-1 

C 

n'=l  1 

The  net  effecc  of  the  collisional  excitations  and  de-uxei.Lations 
is  giver  by  the  difference  between  (13)  and  (14) .  Evaluation  of 
the  integrals  gives 
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This  expression  may  be  compared  directly  with  the  cox. isionai 
ionization  rate  given  by  (9).  We  find  that  trie  lifetime  oi  Lite 
ion  against  collisional  transitions,  t1  ,  as  com pare a  xiln 
collisional  ionizations  is 
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This  ratio  is  considerably  greater  than  unity  i or  aii  .  oroin.l 
conditions.  Thus  the  net  effect  of  bound-sound  collision..!  t  ra.i.d i  o>n 


in  establishing  tiie  thermal  limit  is  noiligible. 
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Table  IV-1  shows  some  typical  lifetimes  in  the  range  n=2  to 

r 

100U,  with  Z=l,  T=10  °K  and  N  =1  cm  .  For  the  lowest  energy 
levels  the  exact  quantum-mechanical  values  of  the  Einstein  A's  as 
computed  by  Menzel  and  Peckeris  (1935)  are  used.  For  n=10,  both 
classical  and  quantum-mechanical  expressions  agree  to  within  ten 
percent;  this  agreement  will  improve  as  n  increases. 

The  next  step  is  to  obtain  an  expression  for  tiie  ratio  of  Hie 
radiative  and  collisional  lifetimes.  We  may  assume  for  any  given 
ion  that  the  value  of  the  principal  quantum  number  that  yields  a 
ratio  equal  to  unity  represents  the  highest  state  ot  excitation  tn.it 
can  contribute  to  the  dielectronic  recombination  process.  It  is 
possible  to  obtain  an  expression  merely  by  taking  tne  ratia  of  (6) 
and  (10) ,  but  Decause  of  tne  presence  of  the  logaritnmie  factor  in 
(6),  and  the  breakdown  of  the  classica .  assumptions  for  small  n, 
it  seems  better  to  obtain  an  empirical  formula  tiiat  will  rname 
computation  easier.  The  justification  for  this  will  be  apparent  l> 


the  near-linearity  of  the  variation  of  ^ad^^coll^  n 

on  a  logarithmic  scale. 

if  we  let  t\  (n)  =  i  .(n)/t  , ,  (n)  aL  N  -  i  ,  T  -  10*  lk, 

o  rau  coil  e 

and  Z  -  1,  we  find  empirically  that 
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A 

where  T^  =  T/10  °K.  If  we  combine  (17)  and  (18),  set  log  R(n)  = 

0  Lo  correspond  to  a  ratio  of  unity,  and  solve  for  log  n,  we  find 

log  n  =  1.60  +  .913  log  1  -  .0571  log  T&  -  .114  log  N  (19) 

We  see  at  once  that  the  temperature  dependence  is  so  weak 
that  we  may  eliminate  the  third  term  by  assuming  T  to  bo  of 
order  unity.  The  dependence  on  is  weak  also,  but  the  electron 

density  can  vary  by  several  orders  of  magnitude  in  the  corona. 

Table  IV -2  gives  values  of  n  under  which  an  hydrogenic  Lon  may  be 
considered  stable  against  re-ionization,  as  a  1  unction  of  electron 
density  and  effective  ionic  charge.  Note  that  this  charge  is  one 
greater  than  the  charge  of  the  ion  as  a  whole,  and  is  numerically 
equal  to  the  Roman  numeral  designation  of  the  ion  In  astrophysical 
notation. 

The  numbers  given  in  Table  IV-2  show  that  collisionaJ.  destruc¬ 
tion  in  the  denser  regions  of  the  corona  may  occur  for  ions  with 

n  40  for  lower  stages  of  coronal  ionization.  The.  thermal  limit 

7 

rises  to  n  v  80  at  densities  of  LO  and  lor  ions  in  the  higher 
stages  of  ionization. 

Table  IV— 3  lists  values  of  the  correction  factor,  l),  by  which 
the  dieLectronic  recombination  coefficient  must  be  multiplied  to 
correct  for  the  thermal  Limit,  as  a  function  «»l  tin*  quantum  number, 
n^,  that  corresponds  to  this  limit.  These  v«.!ues  are  taken  Irom 
Burgess  (1965c),  and  specifically  refer  only  to  Ca  li.  Since  the 
recombining  electron  may  be  assumed  to  be  hydrogenic  in  higa  states 
of  excitation,  the  values  in  Table  IV- 3  should  also  be  indicative  of 
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other  ions.  This  amounts  to  a  significant  reduction  in  tne  overall 

d  r 

recombination  rate,  but  since  the  ratio  a.,,  ./a.,,  .  may  in  some 
cases  be  as  large  as  100  to  1000,  the  reduction  is  by  a  small 
enougii  factor  so  that  for  most  ions  the  primary  means  of  recombining 
will  still  be  the  dielectronic  process.  The  effect  of  the  destruc¬ 
tion  of  the  larger  ions  will  definitely  have  to  be  evaluated  before 
we  can  justify  the  statement  that  coronal  ionization  is  density 
independent  to  a  good  approximation.  In  Section  D  we  shall  return 
to  this  question  after  calculating  the  density-independent  ioniza¬ 
tion  curves. 

C.  Two-Step  Collisional  Ionization 

An  investigation  by  Athay  and  Hyder  (1963)  considers  Lhe 
effect  of  an  excitation  by  collision  into  an  excited,  metastable 
state  followed  by  a  second  ionizing  collision.  If  the  excited 
level  is  not  metastable,  the  probability  of  a  radiative  de-excitation 
is  much  larger  than  that  of  a  collisional  de-excitation,  arid 
essentially  all  the  ions  will  be  ionized  directly  from  the  ground 
state.  If  tiie  reverse  is  true,  that  is,  if  collisional  de-excitation 
is  favorec,  then  a  detailed  balance  is  set  up  between  tne  ground 
and  excited  states,  and  a  pseudo-Boltzmann  population  between  the 
two  states  occurs.  In  this  case  the  ion  behaves  essentially  as  two 
separate  ions  with  respect  to  further  ionization,  with  tne  ground 
and  metastable  states  acting  as  the  respective  ground  stat« s.  The 
result  is  a  lowering  and  broadening  of  tne  ionization  curvi  with  a 
slight  shift  to  lower  temperatures. 
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Athay  and  Hyaer  applied  this  picture  to  iron  using  an  electron 
9  5 

density  of  10  and  a  temperature  of  8  x  10  °K.  They  found  levels 
metastable  under  these  conditions  in  Fe  XI,  XII,  XIII,  XIV,  and 
XV,  with  excitation  potentials  of  138,  10  and  5.7,  26,  23,  and  30 

electron  volts,  respectively.  Only  Fe  XI  of  these  ions  has  a  meta¬ 

stable  level  whose  energy  is  iarger  than  10%  of  the  ionization 
energy.  In  this  particular  ion,  however,  the  energy  ratio  approaches 
50%.  At hay  and  Ilyder  then  computed  the  relative  abundances  of  the 
ions  at  6  x  10"*  °K  and  at  8  x  10"*  °K,  .and  compared  the  abundances 
with  those  computed  from  the  one-level  ions  (without  dieiectronic 
recombination) ,  and  from  the  several-level  ions  in  which  all  levels 
are  considered  metastable.  This  third  computation  represents  a 
limiting  case  only.  Standard  theory  at  the  time  of  the  investigation 
gave  an  Fe  X  to  Fe  XIV  abundance  ratio  of  unity  at  800,000  °K. 

This  is  shifted  to  about  750,000  °K  and  650,000  °K  for  the  two  types 

of  computations  carried  out  by  Athay  and  Ilyder.  If  we  regard  the 
smaller  shift  as  typical,  we  note  tne  change  in  temperature  is  onxy 
slightly  more  than  six  percent.  Since  most  coronal  emission,  even 

in  normal  enhancements,  comes  from  regions  of  di  .sity  somewuat 
9  -3 

lower  than  10  cm  ,  this  cl  nge  in  temperature  is  probably  close  tv 
an  upper  limit.  The  effects  of  a  variation  of  coronal  dtisitv  on 
ionization  theory  through  this  mechanism  are  tnus  curtain  to  be 
small  compared  to  observational  uncertainties. 

I).  Autoionization  via  Ooubly  bxcitec  States 

Recent  work  by  Goldberg,  Dupree,  and  Alien  (1965),  ui u  Alien 
and  Dupree  (1967)  considers  the  possii iiity  .  i  an  electro  .-ion 
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collision  producing  a  doubly  excited  bound  state  of  the  ion  with 
one  of  the  electrons  subsequently  yielding  its  excitation  energy 
to  remove  the  other.  The  second  part  of  this  two-step  process  is 
the  inverse  of  dielec tronic  recombination. 

In  their  earlier  work,  Goldberg,  Dupree,  and  Allen  calculate 
the  effect  of  collisional  excitation  to  autoionizing  levels  for 
the  ions  Fe  XV  and  XVI;  0  IV,  V,  and  VI,  and  show  that  the  ratio 
of  the  rate  coefficient  of  autoionization  to  that  of  collisional 
ionization  is  a  strong  function  of  temperature,  and  varies  con¬ 
siderably  among  the  ions  considered.  The  later  work  by  Allen  and 
Dupree  included  computations  of  ionization  equilibrium  for  the 
ions  of  oxygen,  neon,  silicon,  and  iron.  Among  these  four  elements, 
only  Fe  showed  a  significant  change  in  the  ionization  equilibrium. 
Curves  of  Fe  XIV,  XV,  and  XVI  are  narrowed  as  a  result  of  the  inclu¬ 
sion  of  autoionization,  whereas  others,  such  as  those  of  Fe  IX  ana 
XVII  are  broadened.  Temperature  shifts  to  lower  values,  which 
may  be  expected,  are  small  when  they  ^ccur,  and  lie  between  shifts 
in  the  logarithm  of  0.2  to  0.15  (a  factor  of  from  0.96  to  0.71.). 

The  greatest  shift  in  the  maximum  occurs  for  the  ion  Fe  XVI.  The 
significance  of  the  shift  is  somewhat  questionable,  however,  since 
it  reflects  more  a  change  in  the  skewness  of  the  curve  than  a 
change  in  its  overall  position  along  tie  temperature  axis. 

In  t  ..imary,  then,  the  statement  (f  Allen  and  Dupree  hat 
"the  process  of  autoionization  cannot  be  ignored  in  the  i mization 
equilibrium  of  certain  elements"  is  certainly  true  in  general.  For 
many  types  of  investigation  of  corona.,  structure,  however,  including 
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the  present  one,  the  observations  are  simply  not  accurate  or  unam¬ 
biguous  enough  as  yet  for  this  refinement  to  have  any  effect  on 
the  conclusions. 

E.  Computation  of  Ionization  Curves 

Of  the  three  additional  processes  recognized  in  the  last 
decade  as  oeing  possibly  significant  in  their  effect  upon  coronal 
ionization,  that  of  dielectronic  recombination  produces  by  far 
the  largest  change  in  the  picture.  In  addition,  it  is  the  only 
one  of  the  three  whose  rate  coefficient  has  been  put  in  a  simple 
enough  form  for  a  relatively  fast  computation  for  large  numbers 
of  elements  in  various  stages  of  ionization.  We  tnerefore  include 
in  the  computations  which  follow  only  the  following  processes: 

(1)  direct  collisional  ionization,  (2)  radiative  recombination, 
and  (3)  dielectronic  recombination.  The  neglect  of  two-sitp  col¬ 
lisional  ionization,  autoionization,  and  the  effect  of  the  thermal 
limit  on  dielectronic  recombination  cannot  affect  the  total  ioni¬ 
zation  rate  coefficient  by  more  than  a  factor  of  two  at  most,  and 
in  many  cases  these  effects  are  nonexistent  or  negligible.  The 
effects  on  the  resulting  equilibrium  will  be  small  and  of  the 
following  nature:  (a)  a  slight  lowering  of  the  temperatures  of  the 
ionization  curves,  and  (b)  the  introduction  of  a  small  degree  of 
sensitivity  of  the  ionization  to  electron  density. 

The  quantum-mechanical  expression  approximating  the  iiisional 
ionization  rate  coefficient  is  given  eq.  (7).  The  rate  coef¬ 
ficient  for  ordinary  radiative  recomDination  is  given  by  burgess 
and  Seaton  (1964)  as 
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in  the  hydrogenic  approximation,  where  is  the  charge  on 

the  recombining  ion. 

In  his  earlier  papers,  Burgess  (1964,  1965a)  derives  an  expres¬ 
sion  for  the  dielectronic  recombination  rate  coefficient  for  the 
individual  doubly  excited  states.  We  may  denote  the  initial  state 
of  the  recombining  ion  as  j,  and  the  doubly  excited  state  of  the 
product  ion  as  (j',nil),  where  j'  is  the  quantum  state  of  the 
excited  core  and  (n,£)  the  quantum  numbers  of  the  outer  electron. 

From  the  doubly  excited  state,  the  ion  may  auto-ionize  with  a 
transition  j  -►  k  in  the  core  furnishing  energy  to  the  outer 
electron  causing  it  to  undergo  the  transition  to  the  continuum 
nil  ->  EH'.  The  transition  probability  for  this  reaction  (the  Auger 
process)  is  given  by  A  (j ' ,  nil  -►  k,  E£') .  0"  „he  other  hand,  the 

3 

inner  core  may  de-excite  radiatively  to  quantum  state  k,  ana  a.euV» 
the  ion  in  a  bound  state.  We  denote  this  radiative  transition 
probability  by  ( j '  ,  nil  ->  k,  nil').  For  a  band  of  incident  elec¬ 

trons  of  energy  E  and  energy  interval  dE,  Burgess  gives  tne 
following  expression  for  the  mono-energetic  dielectronic  ri  comoi.ui.iou 


coefficient : 
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a^+lji(j.  ni) 


,3  dN  ...  , 

]* _ _ e_  g(,i  nip 

2V  NdE  g(-j) 


8Tim  v  c 
c 


l  a  (jjni  ■»  j,En  £  Ar(jX  -  k,ni) 
£'  J  k 


I  A  (j \nl  ->  k,nip  +  £  A  (j  ■*  k,»U') 
k  r  *'  3 


(21) 


where  the  g's  are  statistical  weights.  The  summation  over  v' 
gives  the  total  probability  of  the  occurrence  of  un  autoionixjtion 
following  the  recapture,  and  the  summation  over  k  represents 
a  sum  over  all  possible  means  of  de-excitation  of  the  core  of  the 
doubly-excited  ion.  burgess  points  out  that  earlier  assumptions 
that  autoionisation  is  far  more  likely  than  radiative  decay  are 
valid  only  in  the  low  temperature  (E/kT  >>  1)  approximation.  In 
the  corona  this  condition  certainly  is  not  present. 

As  it  stands,  Equation  (21)  is  too  cumbersome  to  be  of  much 
use  for  a  general  computation,  and  it  demands  a  knowledge  of  transi¬ 
tion  probabilities  which  are  poorly  known.  A  more  tractable  expres¬ 
sion  with  an  accuracy  of  at  least  10%  is  given  also  ny  burgess 
U%5b),  for  a  Maxwellian  distribution  of  electron  energies.  It  is 
as  follows: 


u 
« . 


:+lti  =  3  x  10“j  T ~S/2  b(2.)  ;(f(j'j)A(x)e“h/kT 


(22) 


for  the  recombining  ion  initially  in  stile  j.  Also, 

j 

A(x)  - - - - - V 

.Ul5x 


i  +  . 105x 


(23) 
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B(Z.)  =  zV2(Z.  +  1)5/2(Z.  +  13.4)  1/2 

i  i  i  l 


x  =  (Z .  +  1)  V  "  “T 

v7  V.  , 

J  3 


,i58(z.  +  lravioV1^ ' 


E/kT  = 


1  +  .015  Z.3  (Z.  +  l)"2 

i  i 


(25) 


(2b) 


The  quantities  v  ,  ,  represent  the  effective  principal 

quantum  numbers  of  the  initial  state  j  and  the  excited  state  j'. 

Equation  (22)  still  suffers  from  tne  necessity  of  determining 
accurate  oscillator  strengths  for  the  excitations  of  the  allowed 
doubly  excited  states.  We  can  make  a  somewhat  rut  tier  simplification 
by  invoking  the  iollowing  three  assumptions: 

(1)  The  recombining  ion  is  in  the  ground  state.  This  implies 

that  eq.  (22)  will  represent  completely  ^  it  j  represents 

the  ground  state. 

(2)  The  expression  for  A(x)  is  a  slowly  varying  function  o: 

the  degree  of  excitation  of  the  ion  over  most  of  the  in<p«..‘kv.nt 

>  > 

transitions.  Under  assumption  (L),  l/v“  =  l/v“  >  ana  as  im 

)  i 

i 

level  of  excitation  of  the  recomuining  ion  increases,  l/v*T ,  rapidly 
approaches  zero.  In  general,  the  f-valu  ;s  decrease  tor  Lin  acre 
highly  excited  ltvels,  and  the  resonance  transitions  furnisi  the 
largest  single  contribution  to  the  sui.iaui.ion  .a  (22),  alt  heigh  noL, 
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final  word  cf  warning,  however,  it  should  be  noted  chat  al  present 
there  exists  no  set  of  computations  that  includes  dielectronic 
recombination  and  also  includes  simultaneously  the  effects  of  two- 
step  collisional  ionization,  collisional  excitation  plus  auto- 
j.onization,  and  the  effect  of  the  thermal  limit.  Although  these 
last  three  effects  may  be  small  individually,  they  will  tend  to  act 
together  in  reducing  the  ionization  temperatures  rather  than  cancel 
one  another  out,  and  their  combined  effect  may  well  be  appreciable. 
It  is  doubtful  that  any  future  refinements  will  revolutionize  the 
sLate  of  the  theory  to  the  extent  that  burgess '  inclusion  of  dieiet- 
tronic  recombination  has  done.  The  presenL  trend  appears  to  be 
leading  to  slightly  lower  temperatures  which,  however,  are  .iLiil 
significantly  higher  than  those  of  the  pre-Burgess  era. 


field.  This  approximation  is  most  accurate  when  the  stage  of 
ionization  is  relatively  high  and.  the  outer  electron  shell  of  the 
ion  is  nearly  empty. 
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Assumption  (2)  will  lead  to  an  overestimate  of  the  value  of 

uj+1  due  primarily  to.  ah  overestimate  of  K/kT  in  eq.  (26) 

-2  -2  -2 
through  the  factor  (v^  -  v^,).,  which  is  set  equal  to  .  A 

replacement  of  by  n,  as  indicated  in  assumption  (3)  will, 

on  the  other  hand,  tend  to  decrease  E/kT,  since  in  all  cases 

n  >  v^.  Since  the  magnitude  of  the  rate  coefficient  in  the  case 

of  coronal  ions  will  be  affected  by  only  a  few  percent  either  way, 

the  combined  errors  will  tend,  to  cancel. 

As  a  result  of  these  three  assumptions  we  can  finally  write 

eq.  (22)  as  follows: 


*1+1 ,  i 


..  Z1//2(Z.  +  1,5/2  /Zt  +  1' 

3  x  10  i  v  i  ' _  f  i 

r„3/2  ,  2  ,  ,,  .,1/2  -(  _  T”  /  4 L+l 


(Zj  +  13.4)- 


1 


x  exp 


.158(Zi  +  l)2  (T/106) 
n. 2 [1  +  .015  Z3  (Z.  +  l)"2] 

1  i  i  1 


3  -1 

cm  sec 


(28) 


We  can  now  compute  the  ionization  curves  of  the  varum  >  elements 

from  eqs.  (7),  (20),  and  (28)  substituted  into  eq.  (2),  wit  i 
r  cl 

a..,  .  +  a.,,  .  -  a.,,  ..  The  results  >f  the  computations  for  X.  , 
i+l , i  i+l , l  i+l , l  Ion 

the  relative  abundance  of  each  ion  wita  respect  to  the  totsL  abun¬ 
dance  of  its  parent  element,  are  shown  In  Figures  IV* 1  uircugh  IV -10 


■^§y2'^.X- 
i  ^C.« 

V>"  v%w  r^t  ■ 
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))f  or  the^elcments  OyNe,  Na,  Mg,  Al,  Si,  S,  Ca,  Fe,  and  Ni,  in  Che 

'“••! '"Si  '"'-sv  •'  ’JLvJ-ji S'-  .  '-1.fi''’  - 

temperature  range  from.  2:  x  10.  to  iO  °K; 

The' most  obvious  feature  of  the  set  of  curves  in  Figures  1V-1 
through  iV*riO  is  the  fact  that  the  curves  vary  greatly  in  both 
width)  and height,  and  .that  in  general  the  broader  the  curve,  the 
;;higMr  itvis-  The  .questidh  of  the  breadth  of  the  . curves  obviously 
centers  around  the  question  of  how  much  energy  is  necessary  to 
destroy  the  ions  relative  to  the  amount  necessary  to  produce  them. 
The  broadest  curves,  thdv  •  of  the  He  and  Ne  isoelectronic  sequences, 
represent  ions  that  are  formed  by  relatively  low-energy  collisions, 
but  destroyed  only  by  collisions  of  much  higher  energy.  This  is 
the  result  of  the  extreme  stability  of  the  closed  electron  shells, 
and  results  in  a  high  degree  of  stability  of  such  ions  over  a  large 
temperature  range.  The  fact  that  their  curves  are  also  higher  is 
simply  the  result  of  the  fact  that  at  their  peaks,  their  neighboring 
ions  are  either  largely  destroyed  or  unformed. 

Because  the  He  and  Ne-type  ions  require  energies  for  excitation 
that  are  a  substantial  fraction  of  their  ionization  energies,  no 
significant  emission  from  these  ions  is  observed.  They  do  make 
their  presence  felt  in  a  secondary  way,  however.  The  stability  oi 
these  ions  insures  a  large  reservoir  of  ions  which  may  recombine  to 
form  Li  and  Na-type  ions,  and  we  note  that  the  ionization  curves 
for  these  ions  are  also  considerably  broadened.  These  ions  ire 
relatively  easy  to  excite,  and  the  broadening  of  cneir  ion izi turn 
curves  contributes  significantly  to  thei--  strong  emission. 
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F.  Evaluation 

figures  1V-11  to  IV -13  show  an  enlargement  of  the  ionization 
curves  of  Si  XII,  Fe  XIV,  and  Fe  XVI  from  the  present  investigation, 
indicated  by  alternate  dot-dash  curves.  The  solid  curves  show  the 
corresponding  curves  of  Allen  and  Dupree  (1967)  for  the  same  ions, 
and  include  the  effects  of  collisional  excitation  to  autoionizing 
levels.  Where  these  effects  are  appreciable,  as  with  the  Fe  ions, 
the  dashed  curve  shows  the  Allen  and  Dupree  calculations  with  the 
autoionization  through  collisions  omitted.  Also  shown  are  ionization 
curves  recently  computed  by  Jordan  (1967)  both  excluding  and 
including  the  effect  of  destruction  of  ions  whose  excitation  energies 
lie  above  the  thermal  limit. 

It  is  evident  that  the  changes  in  the  ionization  curves  that 
result  from  there  refinements  are  not  large.  The  high-temperature 
approximation  which  I  used  in  the  present  computations  likewise 
seems  to  have  no  effect  large  enough  to  be  significant,  in  view 
of  the  limited  accuracy  of  the  observations  that  are  to  be  inter¬ 
preted  through  coronal  ionization  theory. 

As  it  stands,  then,  coronal  ionization  theory  appears  ' o  be 
in  a  pretty  strong  position  generally,  although  numerous  re'iane- 
ments  are  still  possible  and  desirable.  The  present  computations 
were  carried  out  in  the  year  1966  with  the  goal  of  obtaining  a 
reasonably  good  representation  of  the  ionization  features  of  a  large 
number  of  ions  with  a  minimum  of  input  data.  The  subsequent  compu¬ 
tations  wcitii  include  the  refinements  mentioned  above  bear  out  the 
.  litditv  of  riy  general  formulation  as  a  first 


approximation.  As  a 


final  word  cf  warning,  however,  it  should  be  noted  that  at  present 
there  exists  no  set  of  computations  that  includes  dielectronic 
recombination  and  also  includes  simultaneously  the  effects  of  two- 
step  collisional  ionization,  collisional  excitation  plus  auto- 
ionization,  and  the  effect  of  the  thermal  limit.  Although  these 
last  three  effects  may  be  small  individually,  they  will  tend  to  act 
together  in  reducing  the  ionization  temperatures  rather  than  cancel 
one  another  out,  and  their  combined  effect  may  well  be  appreciable. 
It  is  doubtful  that  any  future  refinements  will  revolutionize  the 
state  of  the  theory  to  the  extent  that  Burgess’  inclusion  of  dielec¬ 
tronic  recombination  has  done.  The  present  trend  appears  to  be 
leading  to  slightly  lower  temperatures  which,  however,  are  still 
significantly  higher  than  those  of  the  pre-Burgess  era. 


Table  IV-1 


Lifetimes  cf  ions  of  principal  quantum  number  n  with  T  *  106  °K 

Z  -  1,  N  -1. 
e 


Radiative 

Classical 

Colli sionai 

Menzel  &  Pecker is 
(Quantum  mechanical) 

T(2) 

2.14  x  10“9 

2.30  x  1G2 

‘  (3) 

1.01  x  10~8 

4.54  x  10 

l(4) 

3.33  x  10"8 

t(5) 

8.71  x  10~8 

t(6) 

1.94  x  10"7 

"(10) 

1.92  x  10”6 

2.09  x  10”6 

3.68  ..  10'1 

T(14) 

8.97  x  10"6 

‘(30) 

3 .25  x  10'4 

4.54  x  J(f8 

T(100) 

9.65  x  10"' 

3.68  x  10 

1(300) 

1.90  x  10 

4.54  x  10“7 

1(1000) 

6.31  x  108 

3.b8  x  10“9 

Table  IV-2 


Values  of  the  tueroal  limit,  nQ,  for  T  »  10^  °K.  For  T  *  .5  x  10^, 
multiply  by  1.04.  For  T  »  5  x  10^,  multiply  by  .913. 
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Table  IV-3 

The  reduction  D  in  the  dielectronic  recombination  coefficient 
as  a  function  of  the  principal  quantum  number  of  the  thermal' limit. 
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Figures  IV-1  to  IV-10. 


Ionization  curves  of  some  of  the  more  common  elements.  The  quantity 
Xioji  refers  to  the  fraction  of  the  atoms  of  the  element  in  question 
in  the  state  of  ionization  represented  by  the  curve.  Although  Arabic 
numerals  are  used  for  improved  readability,  the  numbers  represent 


astrophysical  rather  than  spectroscopic  notation.  For  example, 

+14 

curve  14  in  the  Fe  graph  represents  Fe  XIV,  not  Fe  , 
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Figures  IV-11  tc  IV-13. 

Ionization  curves  of  Si  XII,  Fe  XIV,  and  Fe  XVI 
the  present  calculations,  and  from  calculations 
and  Allen  and  Oupree  (1967). 


respectively,  t rom 
by  Jordan  (1967), 


AIX»dx  6o, 


Figure  IV- 12 


IAX»dx  go, 


ROAN  (INCLUDING  THERMAL  LIMIT) 


CHAPTER  V 


EMISSION  LINES  IN  THE  EXTREME  ULTRAVIOLET 

A.  General  Remarks 

Since  the  emission  lines  in  the  extreme  ultraviolet  arise  from 
permitted  transitions,  the  very  low  coronal  densities  imply  that 
the  chance  of  an  ion  suffering  a  collision  with  an  electron  while 
in  an  excited  state  is  very  small.  Thus  every  ion  in  a  permitted 
(non-metastable)  excited  state  will  have  time  to  radiate.  The 
problem  of  predicting  how  an  optically  thin  sample  of  the  coronal 
gas  will  radiate  in  a  given  line  thus  reduces  to  one  of  calculating 
che  rate  of  population  of  the  upper  level  of  the  line,  if  ve  assume 
that  the  composition  and  state  of  the  gas  are  known. 

Once  a  photon  is  created,  we  must  consider  the  possibility  of 
its  being  absorbed  and  re-radiated  xn  a  different  direction.  This 
process,  called  resonance  scattering,  results  in  no  net  loss  of 
energy  in  the  radiation  field.  However,  a  sufficient  number  of 
sc-  terings  before  the  photon  leaves  the  corona  may  result  in  one 
of  the  absorbing  ions  being  de-excited  by  a  collision  with  an  electron. 
The  photon  is  then  destroyed,  and  its  energy  is  returned  u  the 
thermal  energy  i eservoir  of  the  gas.  Tuis  will  happen  under  coronal 
conditions  it  optical  depths  approach  a  value  of  lo  ( Ivaiu v-Rholodnyi 
and  Nikolskii  1%1).  This  situation  ne/er  occurs  in  the'  n  rona. 


97 


Therefore,  optical  d>’.pth  considerations  become  unnecessary  if  one 
merely  wishes  to  consider  the  total  amount  of  emission  from  the 
entire  solar  disk.  A  study  of  the  resolved  solar  disk  in  the  EUV 
lines,  however,  requires  knowledge  of  whether  the  optical  depth  in 
the  lines  is  less  than  or  greater  than  unity,  since  even  If  all 
radiation  may  ultimately  excape,  appreciable  scattering  destroys 
information  of  where  the  photons  originated , 

The  absorption  coefficient  per  ion  st  the  center  of  a  line 
is  given  by 


a 


o 


h  2 

it  e 
m  c 


1_ 

Av 


f 


(1) 


and  if  we  assume  that  the  line  broadening  is  purely  thermal  this 
becomes 

a  -  9.03  x  10"15  f>  <£)**  (2) 

o  t 

(A  in  Angstroms,  p  in  atomic  mass  units) 


Here  f  is  the  absorption  oscillator  strength  of  the  line,  ana 

P  is  the  atomic  weight.  In  the  case  of  the  Fe  XVI  line  at  335A, 

the  strongest  line  used  in  the  present  investigation  for  stuay  of 

the  structure  of  coronal  featu.es,  a  2.9  x  10  An  ion  density 

o 

A  -3  9 

of  about  5  x  10  cm  ,  and  a  path  length  of  5  x  10  cm,  which  are 

close  to  the  maximum  values  encountered  later,  give  an  optical  depth 

of  about  0,7.  Thus  some  scattering  may  occur  in  the  denser  r  -gions 

in  the  strongest  lines,  but  the  effect  shculd  not  seriously  oi  scure 

the  feature,  and  we  are  justified  in  treating  it  as  oeing  opt;cally 


thin. 


It.  KxcilaLlun  Mechanisms 

in  principle  a  coronal  ion  may  be  excited  by  two  mechanisms 
if  we  assume  an  optically  thin  gas.  The  ion  may  suffer  a  collision 
by  an  electron  resulting  in  an  excitation,  or  the  excited  ion  may 
be  formed  by  a  recombination  from  the  next  higher  stage  of  ionization 
plus  a  cascade  to  the  excited  state  of  interest.  The  rate  coeffi¬ 
cient  of  the  former  process  can  be  represented  reasonably  well  by 
an  expression  derived  by  Van  Regemorter  (1962) 


where  is  the  oscillator  strength  of  the  transition  i  -■*  j , 

W  is  the  excitation  potential  in  election  volts,  and  P  is  a 
Gaunt  factor  averaged  over  a  Maxwellian  electron-velocity  distri¬ 
bution.  It  is  possible  (Pottasch  1964,  Jordan  1966b)  that  the 
expression  for  P  as  given  by  Van  Regemorter  may  be  low  by  a  factor 
of  1,5  to  2.  Typical  values  are  of  order  unity. 

We  may  easily  estimate  the  relative  importance  ot  radiative 
recombination  plus  cascade  as  compared  with  collisional  excitation 
in  populating  the  upper  level  of  a  resonance  line.  Ihe  collisional 

ionization  rate,  N  N.q.  ,,,  must,  in  secular  equilibrium,  equal  the 
e  i  i,iH  ’  1 

recombination  rate  N  We  wish  to  compare  the  latter 

e  t+1  i+l,i  ' 

with  the  collisional  excitation  rate,  N  N.C...  because  the  colli- 

e  I  l.| 

sional  ionization  rate  coefiiclent  is  similar  in  its  mathematical 
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form  to.  the  rate  coefficient  for  coillsicnal  excitation,  and  since 
the  ratio  of  excitation  and  ionization  rates  is  independent  of 
and  N.,  it  is  cc  \yenient  to  use  N  N.q.  .  in  place  of 

1  6  ,11)  Xt* X' 

N  ,  as  a  measure  of  the  recombination  rate.,  This  will 

serve  as  an  upper  limit  to  the  rate  of  population  of  an  upper  level 
of  a.  line  by  cascade.  If,  for.  the  moment,,  we  consider  all  exci¬ 
tations  as  arising  from  the  ground  state,  and  assume  that  P,  c, 
and  f  are  all  of  order  unity,  then  division  of  (3)  by  iV— (7) 
gives  the  following  result  for  the  ratio  of  the  rates  of  the  two 
processes: 


2l 


<i,i+l 


*  8.5  x  10 


4  xi.i+l 
W  T 

Wij 


exp  (-11605 (W 


lj  ~  Xi,i+1^T^  ^ 


In  the  extreme  ultraviolet  spectrum  from  171A  to  about  700A 
the  corresponding  excitation  energies  range  from  17.7  to  72.6 
electron  volts.  The  ionization  potentials  of  the  ions  giving  rise 
to  the  lines  range  from  208  to  523  eV.  Let  us  consider  the  possi¬ 
bility  of  making  the  ratio  in  eq.  (4)  as  small  as  possible,  in  order 
to  favor  recombination  as  a  means  of  populating  an  excited  level.  We 
may  take  in  the  exponent  x  small,  W  large,  and  T  large;  and  in 
the  rest  of  the  expression  x  small,  W  largo,,  and  T  small. 

(This,  last  assumption  on  T  contradicts  the  first,  but  this  can 
only,  strengthen  the  argument).  Substitution  yields-  G/q  «  5,  with 
the  exponential  '.near  unvty.  The  actual  ratios  will  be  a  got  u  deal 
larger  than  this  since*  our  assumptions  are  to.  a  large  extent  exciii- 
sive  of  one  another.;.  Tims  wo  may  neglect  any  '’■■insider  a  lion  of 
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recombination-  as  a  mechanism  contributing  to  resonance  line  emission. 
A  further,  justification  for  this  is  seen  from  the  fact  that  all 
direct  excitations  result  in  an  emission  of  a  photon  of  the  line 
in  question,  but  only  a  part  of  the  total  recombination  considered 
in  the  above  argument  will  cascade  yia  any  given  line. 

o  --  ,  , 

There  remains  the  question  of  whether  or  not  excitation-of  a 
xesonahce  line  may  occur  by  a  collision  to  a  higher  state  plus  a 
cascade.  From  eq.  IV- (3),  it  is  evident  that  the  oscillator 

,  _3 

strength,  f^,,  for  an  hydrogenic  ion  varies  approximately  as  n* 
for  fixed  n.  Although  oscillator  strengths  of  many  transitions 
are  poorly  known,  as  an  order-of-magnitude  estimate  this  statement 
is  valid  a;Uv>  for  rnany-electron  configurations.  The  collisional 
excite ti'on  rates 'therefore  may  be  expected  to  decrease  with  increas¬ 
ing  energy  due  to  the  decrease  in  f rvalues,  and  also  the  decrease 

-4. 

in  the  quantity  exp(-11605W^/T)W^ .  From  these  semi-quantitative 
arguments  we  conclude  that  direct  excitation  is  considerably  more 
important  in  populating  the  upper  level  of  a  resonance  line  than  is 
indirect  excitation  plus  cascade.  The  fact  that  very  few  lines 
which  do  not  connect  with  the  ground  tern  are  observed  (Wiuing  1966) 
gives,  observational  support  to  the  assumption  that  direct  excitation 
is  the  dominant  process. 

C.  Emissivity  of  the  Coronal  Gas 

The  rate  coefficient  of  population  of  a  permittee  excited  level 
by  direct  collisional  excitation  is  given  by  Eq.  (3).  If  we  assume 
that  this  is  the  dominant  process,  and  that  all  ions  so  exc.it ad  will 
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radiate  a  photon  of  energy  hv,  then  the  emissivity  of  the  gas  in 
that  particular  line  is 

£  *  ^ion  ^e  *lv  cra  ^  sec  ^  (5) 

If  we  let  A  „  «  N  „/N„,  the  relative  concentration  of  the 
el  el  H 

element  with  respect  to  hydrogen,  and  X^n  »  the  fraction  of  the 
element  in  the  stage  of  ionization  giving  rise  to  the  line,  then 
for  a  hydrogen  density  equal  to  0.8  times  the  electron 'density ,  (5) 
becomes 


-  0.8  X.  A  ,  C,,  N  hv 

ion  e£  ij.  e 

-  .2.2  x  lO"-15  N2  T~*  X.  A  „  f’  P(y)e~y 

e  ion  e£  lj  J 


iey 


-3  -1 

erg  cm  sec 


Both  the  emissivity  and  ionization  curves  clearly  show  a 
feature  which  can  in  principle  severely  complicate  any  analysis 
of  coronal  structure  from  a  study  of  line  emission.  The  ions 
with  closed  shells,  because  of  the  large  difference  between  the 
energies  needed  to  create  and  destroy  them  can  exist  over  an 
extremely  large  temperature  range.  Although  they  are  difficult 
to  excite,  and  by  themselves  emit  almost  no  observable  lines  in  the 
EUV  wavelengths,  they  provide  a  tremendous  reservoir  of  ions  from 
which  neighboring' stages  of  ionization  may  be  formed.  Thus  the 
lithium-type  and  sodium-type  ions  experience  a  much  slower  decrease 
in  their  abundances  with  increasing  temperatures  than  would  otherwise 
be  the  case.  Good  examples  of  this  car  be  seen  for  Si  XII  anu  Fe  XVI. 
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In  che  case  of  Fe  XV,  the  effect  is  still  present  even  two  stages 
of  ionization  removed  from  a  closed  shell. 

As  a  result  of  this  state  of  affairs.,,  significant  emission 
in>  a  line  can  occur  at  temperatures  far  removed,  from  the  temperature 
of  maximum  abundance.  As  an. example,  consider ^Si  XII  which  maximizes 
at  2  x  10^  °K.  At  8  x  10^  °K  its  emissivity  has  dropped  to  0.1  of 
its,  maximum.  Thus,  if  one  considers  a  non-hompgeneous  gas  in  which 
density  correlates  positively  with  temperature,  an  increase  in 
density  by  only  a  factor  of  10 2  will  completely  compensate  for  the 
temperature  increase,  and  a  larger  rate  of  increase  of  density  with 
temperature  will  shift  the  temperatures  of  maximum  emission  quite 
rapidly  toward  larger  values,  and  greatly  increase  the  range  of 
temperatures  at  which  significant  emission  occurs.  The  conclusion, 
is  that  a  strong  tendency  for  high  temperatures  to  be  associated 
witiv  high  densities  in  the  coronal  material  would  result  in  a 
strengthening  of  the  lines  from  the  lithium-  and  soaium-like  ions, 
as  compared  with  other  ions  whose  temperatures  of  maximum  abundance 
are  the  same.  This  effect  should  be  most  noticeable  in  the  hot, 
dense  regions  of  an  enhancement, 

D.  Extension  to  Multiplets 

The  preceding  discussion  applies  directly  to  transitions  which 
arise  from  an  unsplit  ground  term.  If  the  ground  term  is  sjiit, 
two  modifications  must  be  made  in  the  argument.  First,  che  argument 
in  favor  of  treating  the  gas  as  if  it  were  optically  thin  is  no 
longer  strictly  appropriate  since  an  excitation  oy  a  photon  from  one 
level  of  che  ground  terra  may  result  in  iadtu».lon  to  a  diiLo’ent  level. 
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The  second  alteration  produced  by  the  split  ground  term  is 
that  we  are  now  forced  to  make  an  assumption'  concerning  the  relative 
populations  of  the  levels  within  the  term  in  order  to  predict  the 
line  intensities.  The>  simplest  assumption  would  be  that  the  density 
is  sufficient  to  populate  the  levels  ir.  equilibrium  with  the  kinetic 
temperature.  This  is  more  likely  to  be  true  in  the  dense  ennance- 
ments  than  in  the  quiet  corona.  Since  the  term  splitting  is  much 
less  than  kT,  we  may  write  for  a  given  level  i 


8i 


’term 


(7) 


where  N\  is  the  relative  population  of  the  level  in  question. 

From  eq  (3) ,  the  rate  of  excitation  from  level  i  to  Level  j. 
by  collision  is  proportional  to  the  oscillator  strength  f ^ .  The 
rate  of  population  of  any  given  upper  level  j  by  all  the  lower 
levels  i  will  be  proportional  to 


y  f..  s. 

".  ij 


in 


’term 


=  V 

U 

*<j 


N. 


f . . 
30 


(t») 


and  the  rate  of  depopulation,  once  the  excitation  tian  ocrmrcd  wilj 
he  propori  anal  to 


JJL 


V^l. 


l  8 


1  ij 


(9) 


If  wo  multiply  expression  (S)  by  (*')  ana  make  u.-ie  of  Lie  fact 
that  the  f-vaiae  times  the  statistical  weight  for  a  line  is  the  same 
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for  emission  and  absorption,  we  obtain  an  expression  that  replaces 
in  eq.  (6).  Thus 


£eff  ,jk 


fi_k 

*term 


(10), 


The  intensity  of  each  line  is  therefore  reduced  in  proportion 
to  the  relative  population  of  its  lower  level  compared  to  the 
entire  population  of  the  lower  term. 

It  must  he  remembered  that  eq.  (10)  is  definitely  a  limiting 
case  in  the  sense  described  above,  and  is  also  an  approximation 
in  that  the  summation  £  fg  in  (8)  only  represents  an  approximate 
expression  of  the  collision  rates,  whereas  the  same  summation  in 
(9)  is  exact,  if  the  lines  in  the  multiplet  are  close  in  wavelength. 
The  result  of  a  strong  underpopulation  of  the  upper  levels  of  the 
ground  term  would  be  a  marked  reduction  in  the  strengths  of  lines 
whose  upper  ievels  cannot  be  populated  by  collisions  from  the  ground 
level,  relative  to  the  total  multipit'-  strength. 

The  preceding -discussion  does  not  consider  the  possibility  of 
excitation  of  a  forbidden  level  since  the  excitation  cross  sections 
are  very  poorly  known.  Recent  work  by  Rely  (l%6a,  1966b)  shows 
that  these  are  in  some  cases  quite  large  and  may  give  rise  to  strong 


non-resonance  line  emission. 


PART  THREE  —  A  STUDY  OF  THE  STRUCTURE  OF  EUV  ENHANCEMENTS 


CHAPTER  VI 


EMISSION  WITHIN  THE  LIMB  ENHANCEMENT 
AS  A  FUNCTION  OF  TEMPERATURE 

A.  General  Remarks  —  Mathematical  Difficulties 

The  emissivity  of  the  coronal  gas  as  given  by  eq.  V-(61'-}  jnay 
be  integrated  over  a  line  of  sight  to  give  the  surface  brightness 
of  the  feature  in  question.  If  the  emissivity,  E,  is  taken  as  a 
function  of  position,  x,  along,  the  line  of  sight,  then  the 
brightness,  I,  in  erg  cm  2  sec  1  radiated  in -all  directions  is  given 
by 

I  =  /  E  (x)  dx  (1) 

Substitution  of  V-(6)  into  (1)  gives  a  general  expression  for 
1  in  terms  of  the  ionization  and  excitation  conditions  of  the  gas: 

*  -  2.2  x  Hf15  Ae£  feff  /  P(y)e“y  X^CT)^  N2  ax  (2) 

Eq.  (2),  although  exact  insofar  as  the  excitation  rates  of 
the  emitting  ions  are  .mown,  is  not  in  a  particularly  useful  form 
for  interpreting  the  observed  brightness  of  a  feature  in  various 
tines.  We  therefore  proceed  to  transform  the  Integral  over  path 
. engtli  into  an  integral  over  temperature,  in  a  manner  similar  to 
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what  Athay  (1966)  has  done.  Let  us  make  the  following  substitutions 
in  eq.  C2) : 

G(T)  «  P(y)e"y  Xion  (T)  T~1"2  (3) 

dx  *  driSTi 4  ^  T  <*> 

and  we  find,  upon  substituting  (3)  and  (4)  into  (2): 

I  -  2.2  x  Uf15  A,t  £ef£  /  G(T)  d  log  I  (5) 

The  quantity  (dx/d  log  T)  as  a  function  of  position  may  pass 
through  many  singular  points  along  the  line  of  sight  as  local 
maxima  and  minima  of  temperature  are  traversed.  In  temperature 
space,  however,  (dx/d  log  T)  is  no  longer  interpreted  as  an  inverse 
logarithmic  temperature  gradient,  but  rather  corresponds  physically 
to  the  total  increment  of  path  length,  dx,  along  the  line  of  sight, 
per  unit  increment  In  log  T  as  a  function  of  temperature.  Since 
log  T  is  the  independent  variable,  (dx/d  log  T)  ->■■-*  implies  that 
dx  ->  «).  This  is  ruled  out  by  the  geometric  limitations  of  the 
problem. 

The  rather  inelegant  use  of  a  common  logarithm  as  a  variable 
of  integration  in  eq.  (5)  will  perhaps  be  justified  by  it  .  conveni¬ 
ence  as  a  physical  quantity.  We  make  two  further  definit  .ons  in 
the  following  analysis  for  the  purpose  of  simplifying  our  notation: 


0 


log  T 


(T  in  °K) 


(6) 
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♦  (0) 


N 


2  dx 
e  d  log  T 


,2  dx 

e  do 


(7) 


In  writing  eq.  (7),  we  have  tacitly  assumed  that  we  can  express 
<j>  as  ,a  point  function  of  temperature.  In  a  very  simple  structure 
this  may  be  obviously  true,  but  in  a  complex  structure  with  many 
streamers  representing  strong  density  and  temperature  fluctuations, 
eq.  (7)  must  be  more  carefully  liefined. 

Consider  as  an  example  a  case  in  which  T  is  a  monotone  func¬ 
tion  of  the  position  along  the  line  of  sight,  x.  Then  we  may 
2  2 

easily  write  Ng  *  1T(T)  and  x  *  x(T) ,  and  the  interpretation 

of  (7)  remains  completely  unambiguous.  If,  however*  given  values  of 

2 

T  are  encountered  many  times  along  the  line  of  sight,  then  Ne 
and  x  will  not  be  single-valued  functions  of  T.  The  definition 
of  <J>(0)  will  then  be  arrived  at  in  the  following  manner. 

We  may  divide  the  line  of  sight  up  into  intervals,  i,  within 
eacli  of  which  the  condition  of  single-valuedness  described  above  is 
satisfied.  The  boundaries  of  the  intervals  are  specified  by  the 
following  consideration  A  boundary  will  occur  whenever  the 
temperature  reaches  a  local  extremum,  both  position  and  density 
will  then  be  single  valued  functions  of  temperature  within  each 
interval.  Next,  consider  a  temperature,  T.  Our  method  of  sub¬ 
dividing  the  line  of  sight  assures  us  that  within  each  interval, 
i,  the  value  of  T,  and  the  corresponding  value  of  o  may  be 

realized  either  once  or  not  at  all.  Each  time  T  occurs,  it  will 

2 

have  associated  with  it  a  value  of  (N  ) .  ,  and  a  value  of  (dx/du) ,  , 

e  t,0  i,( 

for  the  particular  interval,  i.  We  then  define  .|.(o)  in  the 
following  fashion: 
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\  > 

* 


♦<»>  *  E  We>i,0  <8) 

i 

When  defined  in  this  manner.,  the  quantity  4>(:0.)  has  the 
following  physical  interpretation?  Any  set  of  lines,  j,  whose 
emission  characteristics  differ  only  in  the  temperatures,  0^,. 
at  which  the  lines  occur,  and  whose  emisslvity  curves'  approximate 
a  6-function  about  these  temperatures,  will  have  relative  bright¬ 
nesses  of  1^  d>( 0^ ) .  The  absolute  value  of  the  derivative  in  (8) 

assures  us  that  the  net  effect  of  increasing  and;  decreasing  tempera¬ 
ture  gradients  along  the  line  of  light  will  be  cumulative.. 

Haying  thus,  defined  4>( in  a  suitable  fashion,  we  may 
rewrite  (5)  in  the  following  manner  for  a  line  denoted  by  j: 

-  2.2  x  I(f15  A.  £  feff>j  /  G.  (0)  i>{  o)  do  (9) 


and  define  an  average  value  of  •}>  in  the  following  manner: 

/  G,  (0)  $(0)  d0 

<*>,  *  — * - 

J  /  Gi  (0)  dO 


Thus  far,  the  development  has  consisted  only  of  physical  state¬ 
ments  and  mathematical  definitions,  with  no  description  of  how 
observed  values  of  1^  for  the  various  lines  may  be  used  to  obtain 
empirically  the  structural  function,  |(0).  Although  ^(O)  is  well 
defined,  its  interpretation  in  terms  of  the  observed  brightnesses 
of  the  lines  made  use  of  highly  idealized  assumptions  concerning 
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theemissipnproperties  of  the  lines.  In  practice,  the  eraissivity 
r curves  are  not  sufficiently  narrow -to  be  considered  6-functions, 
and -also- exhibit  a  significant  variety  of  shapes  as  well  as  magnir 
tudlj.  We  can,  however,  define  a  quantity,  <4>Y  ,  in 

**  ‘  "  I  j  U163S  • 

terras  of  the  measured:  brightness  of  line  j,  I.  ,,  as  follows: 

~  ^  "■  j  ,meas  • 


>  -  ».  _ , _ -  _ _ .  - 

j.,meas,^  22  l(j-15  ,  J  g  .  (0)  dO 

e£  ef f ,  j  J  j 


•We  may  then  compute  ^-V  meas  for  each  line  for  which 

reliable  photometric  measurements  of  I.  are  obtainable, 

j.,  meas. 

and  plot  these  values  of  _  against  0.  The  assignment 

of  .a  value  of  0..  is  somewhat  arbitrary;  we  shall  define  as 
the  centroid  of.  the  function  G^(0).  After  evaluating  the  uncer¬ 
tainties  in  the  abundances  of  the  elements,  A  in  the  next 

section,  we  shall  calculate  values  of  feY  from  the  observed 

NT'j,  meas. 

lines,,  and  discuss  how  accurately  a  plot  of  the  points  (0  , 

):  would  be  expected  to  represent  the  function  y(b). 

B.  Relative  Abundances 

In  addition  to  Che  manner  in  which  emission  of  a  given  ion 
varies  with  temperature,  knowledge  of  the  relative  abundance  of  the 
parent  element,  A  and  the  effective  f -value  of  the  line  in 
question  is  necessary  before  we  can  infer  the  amount  of  radiating 
material  within  an  enhancement  from  its  orightness  profile.  The 
f-values  of  most  of  the  important  EUV  transitions  ate  now  reasonably 
well  known  and  are  tabulated  by  Pottasch  (1967)  in  his  most  recent 
determination  of  element  abundances  n;om  coronal  KUV  lines. 
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The  question  of  element  abundances,  raises  more  serious  uncer¬ 
tainties,  particularly  since  there  exist  unexplained  discrepancies 
between  measurements*  of  photospheric  and  .coronal  abundances.  The 
latter  have  been  calculated  by  Pottasch'  in  his  several  papers, 
using  an  equation  similar  to  (2)  with  , the  temperature-dependent 
factors  taken  outside  the  integral  and  Replaced  by  the  following 
average : 

<G(T)>  =  0.7  P(y)e"y'  X^CT)  t"^|t-t  (12) 

L  1  max 

and  therefore 


_  . .  I  . 

1.1  x  10“15  <C(T)>  £  f 


(13) 


The  right-hand  side  of  (13)  is  completely  determined  from 
theory  and  from  observations.  Note  the  difference  of  a  factor  of 
two  between  (13)  and  (2).  This  difference  arises  -from  the  fact 
that  Pottasch  considers  the  emission  from  the  total  sum  omitted  in 
all  directions,  of  which  half  is  radiated  toward  the  photosphere  and 
is  never  observed. 

Pottasch  assumes  that  the  quantity  ./  dx,  where  R  is  the 

R  ° 

region  over  which  the  line  in  question  effectively  emits,  is  a 

function  of  temperature  only.  He  then  considers  the  quantities  A  , 

which  represent  the  elemental  abundances,  as  unknown  parameters 

2 

which  may  be  adjusted  such  that  a  plot  >£  f  N  dx  versus  temperature 

K 

from  all  available  lines  shows  a  minima,.  amount  of  scatter.  The 
resulting 'abundances,  shown  in  Table  VI -1  show  the  most  recent  values 
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of  Pottasch  (1967)  as  compared  with  the  photospheric  abundances 

of  Goldberg,  MUller,  and  Aller  (1960).  Both  sets  of  abundances 

are  expressed  with  that  of  silicon  set  at  100  as  a  standard.  On 

the  basis  of  a  comparison  of  the  radio  solar  emission  with  that  of 

-4 

the  emission  lines,  Pottasdvhad  concluded  that  Agi  »  10<  . 

Pottasch' s  most  recent  analysis  (1967)  employs  data  from  both 
photoelectric  and.  photographic  observations  of  the  solar  disk  as 
a  whole  (Hinteregger,  Hall,  and  Schweizer  1964;  Austin,,  Purcell, 
Tousey,  and  Widing  1966;  Blake,  Chubb,  Friedman,  and  Unzicker  1965; 
Hall,  Schweizer,  and  Hinteregger  1965;  and  Hall,  Schweizer,  Heroux, 
and  Hinteregger  1965) .  These  data  are  undoubtedly  more  accurate 
than  the  values  of  the  surface  brightness  I  measured  photometrically 
from  the  spectroheliograms ,  which  are  given  in  Table  VI-2.  Because 
of  this,  I  felt  it  most  prudent  to  make  no  initial  assumptions 
regarding  the  abundances,  or  to  attempt  to  re-derive  them,  but  rather 
to  investigate  how  the  assumption  of  each  set  of  abundances  in 
turn  will  affect  the  conclusions  regarding  the  structure  of  the 

enhancements,  and  to  evaluate  each  set  on  the  basis  of  seir- 

* 

consistency  of  the  results. 

C.  Computations  of  $(0) 

Table  VI-2  lists  the  values  of  the  maximum  brightness  i  of 
Feature, •?  3  and  4  as  measured  photometrically  from  the  spectrohelio- 
grams  xn  the  various  lines.  The  absence  of  a.  measurement  oj  the 
Fe  XIV  265A  line  in  Feature  4  is  due  to  overlapping  with  the  He  II 
304A  disk  image.  The.  emission  from  Fe  XV  at  284A  also  overlaps  the 
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He  11  304A  disk,  but  the  line  is  strong,  enough  to  yield;  a  reliable 
measurement  of  its  maximum  brightness  in  spite  of  the  high  back¬ 
ground. 

The  Ni  XVIII  lines  are  conspicuous  by  their  absence.  Since 
we  observe  strong  emission  from  the  lines  of  Fe  XVI  at  335A  and 
361A,  we  should  also  expect  to  see  emission  from  Ni  XV111  fairly, 
easily  at  322A,  unless  a  rapid  decrease  in  i}»(0)  occurs  somewhere 
between  the  temperatures  characteristic  of  the  two  ions.  The 
stronger  Ni  XVIII  line  at  293A  overlaps  the  He  II  disk.  -Observations 
of  some  of  the  fainter  lines  in  this  wavelength  region,  whose  inten¬ 
sities  could  not  be  determined  reliably  but  could  be  estimated 

theoretically,  indicate  that  we  may  place  an  upper  limit  of  1  for 

2  -1 

Ni  XVIII  322A  at  around  4  x  10  erg  cm  sec  ,  or  about  0.01  that 
of  its  corresponding  line  of  Fe  XVI  at  361A. 

Examination  of  Table  VI-2  shows  that  there  is  very  little 
difference  between  the  brightnesses  of  Features  3  and  4  in  the  various 
lines  as  compared  with  the  differences  in  the  brightnesses  among 
the  lines  themselves.  The  one  exception  to  this  is  the  465A  line 
of  Ne  VII  which  shows  up  much  more  strongly  from  Feature  3  than 
from  Feature  4.  The  spectroheliograph  picture  of  the  Ne  VII  line 
shows  at  the  position  of  Feature  3  a  small,  well-defined  bright  spot 
on  the  disk  i\hat  has  no  counterpart  in  Feature  4.  The  coronal 
emission,  on  the  other  hand,  appears  to  be  very  similar  for  the  two 
features,  and  is  measureable  quite  unambiguously  from  Feature  4  in 
all  given  lines.  I  shall  therefore  consider  only  Feature  4  for  a 
structural  analysis.  To  bo  sure,  the  marked  limb  brightening  of 
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the  sun  in  Ne  VII  must  be  subtracted  from  the  photometric  traces 
of  Feature  4,  but  the  limb  appears  distinctly  enough)  in  the  tracings 
.  that  no  ambiguity  arises; 


Figures  VI-1  and  VI-2  show  the  points  (0.,  )  calcu- 

J  '  J  ,meas . 

lated  from-  the  values  of  I.  listed  in  Table  VI-2,  a  graphical 

j j  raeas • 

integration  of  the  G^(0),  for  the  relative  abundances  of -Goldberg 
et.  al.  (1960)  and  Pottasch  (1967)  respectively.  The  f-values  are 
the  same  as  usee  by  Pottasch  (1967)  in  his  most  recent  analysis  of 
coronal  element  abundances,  and  represent  a  compilation  of  the  work 
of  several  authors.  The  error  bars  included  represent  an  estimate 
of  the  combined -uncertainties  of  excitation  and  ionization  theory, 
f-values,  and  errors  arising  from  uncertainties  in  the  photometry. 

In  the  case  of  Ni  XVIII,  since  the  line  at  322A  is  not  actually 
observed,  the  points  plotted  represent  an  upper  limit.  Alt. lough 
Goldberg  et.  al.  (1960)  give  no  abundance  results  for  neon,  the 
value  obtained  by  Pottasch  (1967)  is  consistent  in  general  with 
values  obtained  by  other  investigators,  and;  no  serious  uncertainty 
in  the  neon  abundance  is  evident  at  present.  Therefore ;  I  include 
the  Pottasch  value /of  on  both  plots. 

Both  sets  of  abundances  allow  a  reasonable  curve  9(0)  to  be¬ 
fitted  to  the  data,  and  both  curves  shew  the  same  general  iharacler. 
A  rapid  rise  in  the  emitting  ability  of  the  features  occur.,  from 
temperatures  of  about  5  x  10^  °K  to  about  2.5  x  10^  °k.  'l  ie  curves 
then  begin-  to  flatten  out  and  reach  a  maximum  around  3  x  J.  )b  °K, 


which  is  followed  by  a  rapid  decrease  .it  higher  temperatures. 
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As  1  have  drawn  it,  the'  <f>(9)  curve  obtained  from  the  Gold¬ 
berg  abundances  shows  a 'much  steeper  initial  rise  and  a.  larger 
maximum  than' does  the  Pottasch  curve.  It  may  be  argued  that  the 
former  curve  should  have  been  drawn  to  pass  between  the  ranges  uf> 
values  of  Fe  XIV  and  Si  XII,  instead  of  effectively  ignoring  the 
latter.  A  curve  thus  drawn  would  more  nearly  resemble  the  Pottasch 
curve.  Since  the  Si  XII  lines  were  made  from  a  different  exposure 
than  any  of  the  other  lines  in  <the  same  temperature  region,  it  seemed 
more  prudent  to  place  faith  in  the  Fe  XIV  and  XV  measurements  to 
eliminate  the  possibility  of  an  unknown  source  of  systematic  photo¬ 
metric  error. 

Although  they  allow  a  reasonably  good  curve  to  be  fitted  to 
the  points,  both  sets  of  data  produce  inconsistencies  that  make  it 
impossible  for  such  a  curve  to  pass  through  the  error  bars  of  all 
lines.  As  compared  with  Goldberg,  the  high  Pottasch  abundance  of 
iron  removes  the  discrepancy  between  Si  XII  and  tire  higher  ionization 
stages  of  iron,  but  introduces  one  between  Fe  IX  and  Mg  IX. 

D.  Theoretical  Uncertainties  in  $(G) 

Although  most  of  the  scatter  in  Figures  Vl-1  and  Vl-2  is 
undoubtedly  due  to  observational  errors,  and,  to  a  smaller  extent, 
to  uncertainties  in  the  ionization  and  excitation  theories  there 
remains  -an  additional  source  of  error  that  is  non-random  a* id  arises 
from  variations  in  the  shapes  of  the  enissivity  curves  of  .tie  ions. 

To  illustrate  the  nature  of  this  uncer.ainty,  consider  *  iu  following 
hypothetical  example. 
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Assume  we  have  two  ions  which  have  the  same  values  of  6., 

3 

/'Gj(0)/d6,  and  all  atomic  parameters  included  in<eq.  (9).  We 

then  should  require  that  would  be  the  same  for  both  ions, 

since  we  are  associating  it  with  0,.  in  both  cases,  and  we  wish 

to  establish  a  procedure  by  which  <j>(0.)  x  <<{>)>.  for  all  ions. 

3  3 

However,  eq.  (10)  clearly  shows-  that  we  are  not  able  to  do  this. 

If  ion  it  1  has  an  emissivity  curve  G^(6)  that  posesses  a  long  tail 
on  the  low  temperature  side,  and  ion  ill  has  a  similar  tail  on  the 
high  temperature  side,  then  if  <j>(>0)  is  an  increasing  function  of 
0  will  be  greater  than  ,  whereas  if  $(0)  is  a  decreas- 

ing.  function,,  the  reverse  will  be  true.  It  follows  that  the  points 
plotted  in  Figures  VI-1  and  V1t2  will  not  yield  the  actual  curve 
<j>(0) ,  but  a  curve  subject  to  a  systematic  error,  particularly 
where  its  slope  is  steepest. 

We  may  make  an  approximate  correction  to  this  error,  provided 
the  changes  in  tne  curve  implied  by  these  considerations  are  not  too 
severe.  The  following  steps  will  outline  the  procedure  used  in 
making  the  corrections: 

1.  From  the  curve,  v>(0) ,  as  we  have  drawn  it,  compute  each 
from  eq.  (10). 

J 

2. -  Plot  each  point,  (0^  ,  <$,>_.)  on  a  graph..  These  points  in 
general  will  pot  lie  on  the  curve  <|>(0).  Instead,  tnuy  represent 
the  curve  we  should  expect  to  obtain  by  ideal  measurements  "rom  a 
line  of  sight  whose  emission  efficiency  with  temperature  ac:uully 


obeys  the  function,  ^(0). 


3.  Since  <j>(0),  as  we  have  shown  it,  is  actually  a  curve 

derived  from  observations,  the  corrected  curve,  which  we  denote'  as 

$  (e) ,  should  be  defined  by- points  lying  the  same  distance  from 

<j>(0)  on  a  logarithmic  scale  as  but  in  the  opposite  direction. 

figures  VI-3  and  VI-4  repeat  in  solid  lines  the  same  curves 

4> (0)  that  were  given  by  the  data  points  in  Figures  VI-1  and  VI-2, 

respectively.  The  tail  of  each  arrow  corresponds  to  the  point 

(0.,  <K0  ))  for  each  ion,  whereas  the  head  corresponds  to  the  point 
J  3 

(0,.  (<!>>.).  The  dashed  curve  drawn  shows  the  curve  (0).  We 

j  ’  N  ' j  cor 

note  that  the  changes,  appear  to  be  relatively  small  over  the  ascen¬ 
ding  branches  of  the  curves,  but  are  somewhat  larger  over  the  much 

steeper  descending  branches.  In  addition,  the  point  at  which  the 

6  f) 

maximum  of  <|>  (0)  occurs  is  shifted  to  5  x  10-  °K  from  2.5  x  10  °K, 

cor 

and  at  temperatures  above  5  x  10  °K,  4>c^r ( 0)  decreases  extremely 

rapidly.  This  rapid  decrease  becomes  all  the  more  significant  if 
we  remember  that  the  value  of  vuttt  is  an  upper  limit, 

and  that  the  high-temperature  decrease  in  $  may  actually  be  much 
steeper.  We  thus  have  rather  definite  evidence  that  strong  decreases 
in  the  amount  of  material  in  the  two  coronal  features  observed  occurs 
at  around  5  x  10^  °K.  To  support  this  conclusion,  we  note  that  the 
visible  coronal  lines  of  Ca  XV,  which  correspond  tc>  temperatures 
between  5  and  6  x  10^  °K  are  generally  not  observed  In  long-lived 
enhancements  of  the  type  we  are  discussing  here.  On  the  other  hand, 
observations  of  Fe  XVJ.  in  the  EUV,  an  ion  not  much  cooler  tnan  Ca  XV, 
have  long  shown  that  emission  from  this  ion  depends  very  sensitively 


on  the  degree  of  normal  solar  activity  present. 
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Table  VI-1 


Relative  Abundances  (Si  ■  100); 


C 

N 

0 

Ne 

Mg 

A1 

Si 

S 

Fe 

Ni 


Pottasch  (1967) 
1000 
120 
500 
70 
60 
4 

100 

40 

100 

9 


Coldberg.  et.  al.  (1960) 
1600 
300 
2800 


73 


5 

100 

63 

12 


2.5 
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Table  VI-2 

Maximum  brightness  of  Features  3  and  4  in  the  various  lines . 


I (erg  cm  2  sec  3) 


Ion 

■  (A) 

Feature  3 

Feature  4 

Fe  IX 

171 

6.6 

X 

103 

7.7 

x  103 

Fe  XIV 

211 

5.0 

X 

104 

2.0 

x  104 

Fe  XIV 

265 

1.5 

X 

o 

t— 1 

Fe  XV 

284 

1.2 

X 

io5 

6.3 

x  104 

Ni  XVIII 

322 

£4 

X 

io2 

<  4 
<v  H 

x  102 

Fe  XVI 

335 

1.0 

X 

105 

9.7 

x  104 

Fe  XVI 

361 

4.9 

X 

104 

3.8 

x  104 

Mg  IX 

368 

1.1 

X 

io4 

1.3 

x  104 

Ne  VII 

465 

4.9 

X 

io4 

7.2 

x  103 

Si  XII 

499 

6.0 

X 

103 

4,4 

x  10' 3 

Si  XII 

521 

2.4 

X 

103 

1.8 

x  103 

120 


Figures  VI-1  and  VI-2 

The  points  (0.,  )  as  determined  from  measured  brightnesses, 

j  J»  meas  b  * 

1.  ,  of  Feature  A  in  various  EUV  lines.  Included  also  are  the 

j ,  meas 

curves  $(°)  drawn  to  approximate  the  distribution  of  these  points. 
The  abundances  assumed  are  those  of  Goldberg,  Muller,  and  Al'ler 
(1960),  and  Pottasch  (1967)  respectively. 


Figures  VI-3  and  VI-4. 


The  curves.  $(0)  repeated  from  Figures  VI-1  and  VI-2  respectively. 

are  shown  as  solid  lines.  The  dashed  line  shows  the  corrected  curve 

a  (0)i,  inferred  from  the  errors  implied  by  the  shifts  indicated 
Ycor 

by  the  arrows  (see  text) . 


CHAPTER  VII 


STRUCTURAL  DETAILS  OF  THE  LIMB  ENHANCEMENT 

A.  Computation  of  the  Emissivity  from  Brightness  Measurements 

A  series  of  isophotal  maps  of  Feature  4  in  all  the  lines  intense 
enough  to  yield  reasonably  good  photometric  data  is  shown  in  Figures 
VI1-1  to  VII-7.  From  these  maps  I  obtained  distributions  of  bright¬ 
ness  of  the  feature,  in  the  various  lines  along  the  limb  at  several 
different  heights.  In  an  optically  thin  emitting  gas,  such  a 
^brightness  distribution  gives  the  total  emissivity  of  the  gas  along 
each  line -or'  sight.  In  order  to  obtain  the  emissivity  at  any  given 
point  within  the  feature,  it  is  necessary  to  either  have  some 
additional  information  of  the  three-dimensional  shape  of  the  feature, 
which  we  cannot  directly  observe,  or  to  fall  back  on  some  plausible, 
but  still  arbitrary  symmetry  assumption.  Most  active  features 
seem  to  possess  an  approximate  axial  symmetry  with  either  a  roughly 
circular  or  elliptical  cross  section.  The  extension  from  circular 
to  eLliptical  geometry  is  easily  made  by  multiplying  all  dimensions 
along  the  line  of  sight  by  a  constant  sc. vie  factor,  b.  The  emis- 
sivities  calculated  will  then  be  proportional  to  b  ^  and  the 

_i 

corresponding  electron  densities  will  vary,  less  sensitively  as  b  J. 
Since  an  extension  from  circular  to  elliptical  cross  section  is 
trivial,  1  shall  assume  for  the  present  that  circular-cylindrical 
symmetry  exists  in  the  following  development. 
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Consider  a  cylinder  of  radius  tQ  oi  an  emitting  gas  which  is 
optically  thin.  Let  r  be  the  distance  from  the  axis  ox  the 
cylinder.  Assume  that  the  emissivity  of  the  gas  E  is  a  function 
of  r  only.  Then,  if  we  view  the  cylindLr  perpendicularly  to  its 
axis,  the  brightness  1  as  a  function  of  the  distances  x  of  the 
line  of  sight  from  the  axis  is, given  by 


I(x) 


E(r)  rdr 


(r2  - 


x4)' 


We  may  invert  eq.  (1)  and  obtain 


(1) 


E(r) 


(2) 


In  principle,  eq.  (2)  affords  a  possibility  of  numerically 
computing  the  emissivity  by  direct  substitution  of  measured  values 
of  dl/dx  into  a  numerical  integration  formula.  In  practice,  one 
would  wish  to  obtain  a  series  representative,'  of  eq.  (2)  that  would 
allow  direct  substitution  of  measured  values  of  l(x)  rather  than 
L’Cx).  Such  a  series  of  the  form 


K,  «  r  ^  V a,.  1. 
j  o  ^  jk  k 


(3) 


has  been  derived  by  Uockasten  (1901),  with  the  a  ^  tabulated  for 
ten  and  twenty  points  between  x  =  0  and  x  =  r^.  bockasten  also 
calculates  the  coefficients  for  the  points  numbered  from  30  to  AO 
in  the  edge  of  the  distribution  for  improved  accuracy  at  the  edge 
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of  the  cylinder.  The  accuracy  of  the  numerical  approximation  is  to 
within  a  few  percent  at  worst,  provided  the  quantity  l*(x)  does 
not  appreciably  change  within  a  given  pair  of  points. 

Figures  Vll-8  to  VII-1A  show  the  emissivity  curves ,  obtained 
by  an  inversion  of  the  brightness  curves  using  bockusten's  method. 

The  accuracy  of  these  curves  decreases  outward  from*  the  axis  from 
an>  increasingly  unfavorable  signal-to-noise  ratio  in  the  photometry 
in  the  fainter  regions.  In  the  case  of  the  Si  XII  lines,  the 
northern  edge  of  Feature  A  was  subject  to  severe  contamination 
by  emission  from  the  southern  edge  iof  Feature  3;  thus  the  values 
obtained  from  these  lines' may  be  quite  uncertain. 

The  computation  of  the  emissivity  of  Feature  A  in  the  different 

lines  affords  a  means  of  partially  checking  the  relative  abundances 

of  ions  whose  variations  in  emissivity  with  temperature  are  similar. 

Such  a  pair  of  ions  belonging  to  different  elements  is  Mg  IX  and 

Fe  IX.  Computations  show  that  the  ratio  of  the  normalised  emissivity 

curves  of  tb .  two  ions  varies  somewhat  irregularly  between  O.A  and 

1.6  between  temperatures  of  A. 5  x  iO^  °K  and  2  x  10^  °k.  Thus 

we  may  conside.  (is  range  of  temperatures  as  characteristic  ol 

both  lines,  and  assume  an  average  temperature  of  aoout  10^  for 

Feature  A  as  observed  in  the  two  lines.  From  eq.  V-(b) ,  we  then 

obtain  A^/A^  =  ^OOi^j^/fc^gg^)  *  ^  oasun^  comparison  oL  Figure 

Vll-8  with  Figure  V 11-12  shows  that  although  the  emissivity  i f 

Mg  IX  appears  subject  to  more  sensitive  vac  latitats  throughout  the 

feature,  the  emissiviti.es  of  the  two  lines  are  about  equal  in 

magnitude.  This  would  indicate  a  ratio  of  A..  /.V,  -  0.2U.  by 

be  Mg 
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comparison,,  the  same  ratio  is  1.67  from  Pottasch's  (1967)  data,  and 
0.15  from  Goldbergs  Muller,  and  Aller  (1960). 

Table  VII-1  shows  the  calculated  values  of  the  abundance  ratio 
■Ap^/A^  at  various  points  within  the  enhancement.  The  figures  in 
parentheses  denote  the  weighting  factors  assigned  to  each  point 
for  a  s'  itisti'cal  analysis,  and  are  proportional  to  the  averages 
of  the  brightnesses  of  the  two  lines  at  each  point.  We  find  a 
weighted  mean  value  of  .25,  with  a  dispersion  of  .17  from  the  aata. 
of  Table  VII-1,  for  the  ratio  of  the  iron-to-magnesium  abundance. 

Thus  the  amount  of  scatter  is  not  sufficient  to  admit  to  an  error 
large  enough  'to  allow  the  Pottasch  abundance  on  the  basis  of  random 
photometric  error  alone.  The  calibration  of  the  photometry  is 
particularly  uncertain  in  the  wavelength  region  of  170A,  however, 
due  to  strong  variations  with  wavelength  in  the  tn-ansmissior  coef¬ 
ficient  of  the  aluminum  filter  (Figure  11-2).  More  important  is 
fact  that  the  random  errors  in  the  relative  emissivlty  measurements 
within  a  feature  are  small  enough  that  we  may  use  these  measurements 
for  other  ions,  whose  emissions  differ  greatly  among  one  anotaer, 
to  determine  a  set  of  temperature  and  density  profiles  of  the 
enhancement  as  a  function  of  distance  from  the  axis  of  sy . u-try. 

B.  Temperature  and  Density  Structure 

1,  Method  of  Analysis 

In  principle,  we  can  write  down  eq.  V-(6)  for  any  two  i mis  ana 
compare  the  theoretical  emissivity  ratio  with  that  eujeuiutt  i  >.t  tact, 
point  by  the  methods  described  in  the  pnceding  section.  We  ta«.n 
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have  two  equations  in  the  two  unknowns,  temperature  and  electron 
density,  and  can  solve  for  both  of  them  simultaneously.  If  there 
is  no  unresolved  coronal  structure,  then  at  each  point  in  space 
the  emissivity  ratio  of  all  possible  pairs  of  lines  -should  give  a 
unique  set  of  values  for  the  temperature,  to  within  the  limitations 
of  our  ionization  and  excitation  theories,  observational  accuracy, 
and  symmetry  assumptions.  Conversely,  any  unresolved  inhofiugeneify 
in  a  coronal  feature  should  show  two  effects,  namely: 

(-a)  The  temperatures  and  densities  computed  wi.U  not  reflect 
the  structure  of  the  region  as  a  whole,  but  will  tend  Lo  map  the 
relative  degree  of  occurrence  of  temperatures  and  densities  inter¬ 
mediate  between  those  characteristics  of  the  two  lines  unuer  con sx..- 
eration.  Since  a  point  in  space  can  now  no  longer  be  assoc.uteu 
with  a  single  temperature,  radiation  from  ions  of  widely  ditferot t 
ionization  potentials  may  be  seen  together, 

(b)  The  radiation  of  all  lines  will  be  ennanccd  over  ..'n.u 
it  would  be  in  an  homogeneous  gas.  T  ,j.s  is  due  to  Inc  »\  vj t  J  V.  V  * 
of  tne  emissivity  of  the  gas.  The  electron  densit*"  we  ua.'u.v  ...... 

line  emission  excited  by  collisions  is  tnus  the  root -mean -v.g«  or, 
density  at  an  unresoLved  volume  within  tne  feature,  lor  u»  ...  ...  .  ..^.a 
gas,  =  (N“)  whereas  for  an  inhomogeneous  y,a., ,  U 

We  are  now  in  a  position  to  obtain  tne  ten.;.,.  r.u.ur«.  a  ..  >iv 

at  each  point  in  space  from  emissivity  ;  atio  measuru..eiU*.  ..  «...  «  ... 

emissivity  curves  in  Figures  Vll-d  to  V  L-i4.  in  «ru«  r  u  .«■*.. n,* 
the  uncertainties  resulting  from  raLhc.  poorly  t-us.-m  ...  .  ,  .a.n.,-- 

dances,  1  restricted  the  comparison  io  me.,  oi  a  .....  ...  .... 
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of  lines  were  compared  for  their  emissivity  ratios  throughout  the 
enhancement,  namely,  Fe  IX  at  171A  with  Fe  XIV  at  211A,  and  Fe  XIV 
at  211A  with  Fe  XVI  at  361A.  These  lines  give  good  coverage  through¬ 
out  the  usually-encountered  range  of  coronal  temperatures. 

2.  Temperature  Structure- 

Figures  VII-15  and  VII-16  show  the:  temperatures  at  various 
heights  above  the  solar  surface  plotted  as  a  function  of  distance 
from  a  line  extending  outward  from  the  limb  from  the  point  of 
maximum  brightness  of  the  feature.  The  dissimilarity  of  noth  the 
shape  of  the  curves  and  the  temperatures  themselves  indicates  that 
we  indeed  are  not  viewing  an  homogeneous  structure.  Several 
characteristics  of  the  temperature  plots,  however,  suggest  some 
large-scale  structures  that  might  help  to  explain  the  discrepancy. 

Along  the  limb,  both  the  Fe  IX/Fe  XIV  and  the  Fe  XtV/Fe  XVI 
emissivity  ratios  indicate  a  markea  rise  in  temperature  uowaru  tuo 
axis  of  the  feature.  This  temperature  increase  is  particularly 
marked  in  the  hotter  ions,  both  in  th«'  magnitude  and  in  the  degree 
of  centralization  of  the  higher  temperatures.  In  the  cooler  ions, 
the  inferred  temperature  appears  to  decrease  slowly  outware  from  u.t. 
axis  to  a  minimum  at  a  distance  of  about  40,000  km.  From  tnis  value 
outward,  the  temperature  begins  to  rise  again.  The  hotter  ions,  snow 
somewhat  sunilar  behavior  qualitatively,  but  with  a  greater  asy.... ,e r j 
j.n  favor  of  higher  temperatures  to  the  north. 

As  we  move  outward  from  the  surface,  the  temperacure  increase 
Cowards  the  axis  of  the  feature  continues  in  the  measurements  iro..i 
the  cooler  ions,  but  is  reversed  in  the  hotter  ions.  Ail  Ute  curve. 
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continue  to  shew  an  increase  toward  the  edge  of  the  feature  which 
moves  in  toward  the  center  as  the  height  increases.  The  preceding 
description  of  the  behavior  of  the  measured  temperatures  from  the 
line  emissivity  ratios  suggests  a  picture  of  the  enhancement  that 
includes  the  following: 

(a)  A  hot:  "core"  is  present  that  contains  considerable  material 
favorable  for  emission  in  all  three  lines.  This  core  is  probably 
roughly  hemispherical  and  cuts  off  rather  abruptly  somewhere  around 
20,000  km  above  the  surface. 

(b)  The  core  decreases  rather  strongly  in  temperature  out  to 
about  30,000  km  from  the  center.  At  that  point  an  "envelope"  begins 
which  starts  increasing  in  temperature  outward.  From  about  1-2 

x  10  °K,  the  distribution  of  temperatures  in  the  material  in  this 

envelope  appears  symmetrical  about  the  axis,  to  a  good  approximation. 
Toward  the  north,  however,  there  is  a  disproportionate  amount  of 
material  above  3  x  10^  °K  compared  with  that  toward  the  south. 

(c)  As  we  move  upward  from  the  core,  the  envelope  closes  over 
it.  Towards  the  center,  the  temperature  range  appears  to  be  rather 
narrow,  but  as  one  goes  outward,  both  Fe  IX  and  Fe  XVI  emissions 
increase  relative  to  Fe  XIV.  This  shows  that  the  envelope  becomes 
less  homogeneous  as  one  moves  outward  from  the  axis. 

An  investigation  similar  to  the  present  one  conducted  earlier 
by  Nishi  and  Nakagomi  (1963),  arrives  at  conclusions  concerning  a 
two-component  enhancement  that  are  very  similar  to  mine.  The  earlier 
investigation  used  measurements  of  forbidden  line  emission  from  the 
red,  green,  and  yellow  lines  of  Fe  X,  Fe  XIV,  and  Ca  XV,  respectively. 
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3.  Density  Structure 

figures  VI1-17  and  VII-18  show  the  root-mean-square  density 
structure  of  ^Feature  4  as  inferred  from  the  line  emissivity  ratios. 
The  results  are  much  more  nearly  consistent  with  each  other  than 
was  the  case  with  the  temperature!  measurements,  although  the 
increase  in  the  amount  of  hotter  material  toward  the  center  is 
evident  in  the  sharper  maximum  of  the  Fe  XlV/Fe.  XVI  curve  at  the 
limb.  A  sharp  decrease  of  these  curves  toward  the  south  at  20,000 
km  and  at  '40,000  km  also  reflects  the  cooler  envelope  that  exists 
particularly  toward  the  south. 

The  inhomogeneity  of  the  feature  is  suggested  strongly  by  the 
fact  that  the  densities  recorded  approach  higher  values  than  those 
generally  associated  with  white  light  measurements  of  coronal 
enhancements  (Newkirk  1961')  and  approach  values  normally  readied 
only  by  sporadic  condensations  (Waldmeier  and  Mailer  1950,  Saito 
and  Billings  1964),  In  the  hotter  ions,  the  inferred  densities 
drop  off  more  rapidly  with  height  than  in  the  cooler  ions.  This 
phenomenon  is  also  easily  seen  in  the  measured  brightness  scale 
heights  which  are  available  from  the  isophotal  contour  maps  (Figures 
V1T.-1  to  Vli-7) . 

Figure  V1L-19  shows  a  comparison  of  the  brightness  gradients  of 
Feature  4  in  several  lines  of  various  temperatures.  For  reference, 
the  Newkirk  (1961)  density  model  along  the  axis  of  the  feature, 

N  «  104.32/r  (/,) 

e 


is  shown,  squared,  to  represent  the  brightness  gradient  that  would 


1  U\ 


result  from  a  cylindrical  feature  whose  density  out  from  the  limb 
varies  as  Newkirk's  model,  and  whose  temperature  structure  is 
isothermal.  Lines  of  temperatures  of  between  one  and  two  million 
degrees  agree  most  closely  in  their  brightness  profiles.  The  con¬ 
fining  of  hotter  material  to  regions  closer  to  the  surface  is,  of 
course,  contrary  to  the  predictions  one  would  make  by  assuming 
a  purely  hydrostatically  supported  atmosphere. 


C.  Comparison  with  Radio  Observations 

Observations  of  the  sun  at  radio  frequencies  of  9.1  cm  at 
Stanford  provide  a  gooa  means  of  comparison  of  the  brightness 
temperatures  inferred  from  the  temperature-density  structure  of 
the  enhancements,  and  the  brightness  temperatures  actually  observed. 

A  contour  map  of  the  northeast  quadrant  of  the  sun  with  the  contours 
denoting  constant  brightness  temperatures  is  given  in  i'igun  Vl.i-2u 
Cor  April  28,  1966,  based  on  the  Stanford  radio  data. 

Let  us  consider  at  first  emission  from  the  corona  only.  ,n« 
differential  optical  depth  at  radio  wavelengths  as  given  oy  ouki<*v.  x 

(195 i )  is 


d  i 


1.65  x  lu~7  ^-~~jj/2  \  N2 


u.\ 


V  .» 


If  we  allow  the  temperature  to  var>  along  the  line  of  ;  igi.t,  an*, 
consider  only  radio  emission  at  9.1  cm,  the  wavelength  at  w  uh  the 
Stanford  interferometer  operates,  (5)  becomes 


di  =  1.32  x  iff20  ,\‘  T  iU  dx 

U 
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From  (6) ,  we  can  obtain  an  expression!'  for  the  radio  brightness 
temperature  of  the  feature  by  the  relation 

Tbr  -  /  T  exp{-  J 
o 

=  .1.52  x  10“20  /  exp  / 1.52  x  10_2°  /  N2  T~3/2  ux'l 

C  (7) 

x  N2  T "1/2  lx 
e 

where  the  path  of  integration  is  taken  along  the  line  of  sight. 

Although  we  do  not  have  a  really  self-consistent  model  of  the 
coronal  enhancement  that  specifies  uniquely  a  temperature  and 
electron  density  at  each  point  within  Feature  4,  the  temperatures 
and  densities  obtained  from  the  Fe  XIV/Fe  XVI  line  emissivity 
ratios  should  reflect  fairly  well  most  of  me  material  that  contri¬ 
butes  appreciably  to  the  radio  emission  in  the  enit.mcu.ien  t .  Tin. 

Fe  L\/Fo  XIV  emissivity  ratios  reflect  some  additional,  cooler 
material,  but  the  two  temperature  regimes  overlap  considerauly  in 
the  samples  of  material  they  contain.  Therefore,  by  oXiupjy  audio,; 
the  two  densities  at  each  point  and  taking  an  average  temper at uv\ 
one  almost  certainly  would  overestimate  the  amount  ot  materia., 
actually  contained  in  the  enhancement,  f  therefore  cousido  taut  me 
hotter  material,  from  about  2  x  10b  °K  upwards,  will  proviu>  ..  luvn  r 
limit  to  tne  predicted  radio  brightness  temperatures  that  i  i.*uly 
close  to  the  actual  values. 

The  results  of  a  numerical  integration  «.>!  cue  model  ot  v.ie 
enhancement  implied  by  the  temperat.-;'  al  <•*.  Hires  and  \n-  ■  , 


136 


anti  the  densities  of  Figures  VII^l?  and  VII-18,  according  to  eq. 

2 

(7),  are  shown  in  Figure  VII-21.  The  values  of  from  which 

the  integration  was  made  were  those  inferred  from  the  Goldberg 

abundances  of  iron  as  given  in  Table  VI-1.  The  abundance  of  Fe 

according  to  Pottasch  is  larger  by  a  factor  of  8.3,  and  therefore 

2 

the  inferred  values  of  are  smaller  by  the  same  amount,  ir.  a 

feature  that  is  optically  thin  in  the  9.1  cm  radio  region,  me 
predicted  brightness  temperatures  would  be  reduced  uniformly  by  a 
factor  of  8.3  as  a  result  of  the  increase  in  abundance  of  Fe.  .>im.e 
the  feature  is  not  necessarily  optically  thin,  however,  the  reduc¬ 
tion  may  be  smaller,  particularly  along  the  line  of  sight  that  pas»e.-> 
through  the  greatest  amount  of  material,  as=  a  result  of  more  self- 
absorption  occurring  in  the  denser  regions.  The  brightest,  point 
differs  in  the  two  models  by  a  factor  of  6.0,  and  tnc  ratio  of 
course,  approaches  8.3  for  the  fainter  regions.  Tills  indicates  taut, 
although  self  absorption  is  significant,  it  does  not  great!;,  change 
tiie  brightness  profile  of  the  enhancement  over  the  range  of  uenaicies 
we  are  considering.  We  may  therefore  assume  for  tne  purpose  oi  tnc 
discussion  chat  follows  that  the  Pottascn  abundance  <u  Fe  pice*. m 
brightness  temperatures  in  the  9.1  cm  emission  mat  are  iu-.»  r  ..y  .. 
factor  of  seven  compared  with  the  Goldberg  abundance..,  and  m at  me 
surface  brightness  distribution  of  the  feature*  is  t--.enii..l  ;>• 
unchanged . 

We  are  now  in  a  position  Co  estimate  tin.  brightness  u.,  .ei.it un. 
that  would  be  measured  by  the  Stanford  radio  intert  emmet.  c  m  a,, 
main  lobe  centered  on  the  enhancement  ..if hough  u  ii-  «U U  t  A, *'  .  > 
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along  one  of  the  two  axes  of  the  cross  is  that  a  modulated  sine 
curve,  we  may  approximate  the  main  lobe  by,  a  Gaussian  curve  provided 
the  scale  of  the  feature  is  somewhat  less  than  the  beamwidth  of  the 
antenna.  The  width  of  the  beam  of  the  interferometer  is  3'.1  at 
the  half-power  points;  this  corresponds  to  about  1.5  x  10^  km  at 

4 

the  solar  surface.  The  corresponding  Gaussian  width  is  9.2  x  10  km 
which  we  denote  as  y^  and  z^,  along  the  y  and  z  axes  respec¬ 
tively.  We  can  represent  the  radio  brightness  of  Feature  4  quite  well 

by  a  doubly  infinite  Gaussian  curve  along  the  z-axis  with  cnaracur- 

4 

istic  width  z,  *  2.6  x  10  km,  and  a  half-Gaussian  curve  infinite 
o 

4 

in  the  positive  y-direction  with  width  yQ  =  10  km.  The  observed 
brightness  temperature  of  such  a  feature  against  a  zero  background 
will  then  be 


f  /  exp  j-  y2(y~2  +  y^2)|  «xp  j-  z2(z“2  +  z~2> j-  u.- 


max 


2  2  / 

/  /  exp(-  y  /y±)  expf-  z-/^)  dy  dz  <.*; 


2,  2, 


.■or  T  =  1.98  x  10  ^  °K  this  becomes 
max 


5.8  x  10  °K  (Goldberg  abundar.vi  .-O 

3 

8.3  x  10  °K  (I’ottascli  abundances) 


i.'0 


A  comparison  of  these  values  of  tin  predicted  nrigutnc  n>  tempi  »*t- 
ture  with  those  shown  on  the  Stanford  rtdio  maps  i.s  interi  m  uiy .  ><n 

April  28,  1966,  a  radio  enhancement  witl  a  maximum  recorucu  krigi.. 
ness  temperature  of  125,000  °K  is  evident  at  the  position  ■»'  i-Y.itui 
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3.  The  position  of  Feature  4  is  marked  by  a  dotted  circle  on 
Figure  Vll-20,  and  is  shown  to  be  at  a  position  of  brightness 

4 

temperature  around  6  x  10  °K.  Comparison  of  the  positions  of  the 

two  features^ with  the  theoretical  response  pattern  of  the  antenna 
to  a  point  source  (Swarup  1961)  shows  that  when  the  beam  is  centered 
on  one  of  the  two  features,  the  other  is  close  to  a  null  point  and 
therefore  should  not  greatly  affect  the  measured  values  of  the 
maximum  radio  brightness  temperatures.  On  the  other  hand,  Features 

2  and  3  are  so  situated  with  respect  to  the  aiiuenna  pattern  that 
when  the  beam  is  centered  on  one,  the  other  is  within  a  positive 
side  lobe.  The  response  pattern  at  this  point  is  down  by  a  factor 
of  about  ten;  this  indicates  an  error  of  about  10%  in  the  brightness 
temperature  would  result  from  considering  the  response  of  the 

main  lobe  only. 

In  comparing  the  observed  brightnesses  of  Features  3  and  4, 
we  must  also  consider  the  variation  in  the  amount  of  observed  back¬ 
ground  from  the  quiet  solar  disk  when  the  antenna  Is  trained  on  the 
two  features,  and  the  possibility  of  a  chromospheric  contribution 
to  the  radio  emission  from  Feature  3.  Observations  of  the  radio 

limb  well  away  from  active  regions  show  that  a  difference  of  about 
4 

10  °K  could  result  from  the  disk  of  the  quiet  radio  sun  not  entirely 
filling  the  main  lobe  where  the  interferometer  is  trained  on  Feature 

4,  If  we  subtract  the  two  spurious  effects  of  sidelobe  omission 
from  Feature  2,  and  the  increase  of  background  emission  from  the 
solar  disk,  we  get  a  radio  brightness  of  about  10^  °K  for  Feature 

3  as  compared  with  about  6  x  If/*  °K  for  Feature  4.  The  ratio  of 
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these  figures  should  be  approximately  the  same  as  the  brightness 
ratios  we  would  obtain  from  the  photometric  brightnesses  in  the 
extreme  ultraviolet  listed  in  Table  VI-2.  The  agreement  is  quite 
satisfactory. 

Although  most  of  the  emission  in  the  9.1  cm  region  from  the 
quiet  sun  comes  from  the,  chromospheric  layers,  it  is  doubtful  that 
chromospheric  variations  in  temperature  and  density  can  account  for 
a  significant  amount  of  the  radio  enhancement  in  an  active  region. 

A  number  of  plages  appear  on  the ^solar  disk  on  April  28,  1966  from 
the  Fraunhofer  maps;  these  plages  do  not  in  general  correlate  well 
with  the  radio  enhancements  unless  there  is  obvious  MUV  enhance¬ 
ment  in  the  lines  of  the  hotter  ions  as  well.  To  some  extent  this 
is  a  result  of  the  fact  that  the  chromospheric  layers  are  optically 
thick  at  9.1  cm  and  the  temperatures  associated  with  the  ciuorr.o- 
sphere,  by  the  usual  definitions,  do  not  go  above  a  few  10  °K. 

Such  variations  in  temperature  of  features  the  size  of  the  enhance¬ 
ments  we  arc  considering  would  be  scaLcely  ’loticeable  above  back¬ 
ground  variations  in  the  observed  brightness  temperatures . 

Although  the  presence  of  r  strong  coronal  liUV  enhancement  may 
be  a  necessary  condition  for  one  to  observe  a  strong  rani'.,  brignt- 
ening,  it  is  doubtful  that  it  represents  a  suificienl  condition. 
Observations  of  the  radio  enhancement  associated  with  Feature  4 
snow  a  progressive  increase  in  intensity  for  several  days  alter  its 
initial  appearance  at  the  .limb.  This  in  licates  that  mucu  oi  tut 
additional  radiation  comes  from  low  in  tie  corona  front  «  relatively 
shallow  layer,  and  is  therefore  subjee*  to  foreshortening  at  Uu. 


Hillings  and  Hatt  (1968),  after  a  study  of  the  correlation  of  radio 

2  -J- 

noise  in  the  10  cm  region  with  the  quantity  N  T  2  as  inferred 
from  coronal  line  observations ,  conclude  that  the  low  level  of 
correlation  (about  0.25)  suggests  that  most  of  the  radio  emission 
occurs  from  levels  lower  down  in  the  corona  than  those  accessible 
to  the  coronagraph. 

l).  Comparison  with  K-Coronameter  Observations 

In  addition  to  checking  our  temperature  and  density  model  oi 

Fdature  4  against  radio  observations,  data  obtained  by  the  K- 

coronameter  of  the  High  Altitude  Observatory  at  Mauna  Loa,  Hawaii 

give  us  the  possibility  of  independently  checking  the  electron 

densities.  An  interesting  possibility  exists,  in  theory  at  least, 

of  obtaining  a  measure  of  the  degree  of  inhomogeneity  of  the  corona 

by  comparing  the  densities,  1^,  measured  by  the  K-coronameter 

~7  !, 

with  the  root-mean-square  densities,  (N^)  '  inferred  from  radio  anu 
emission  line  observations.  Because  of  uncertainties  in  the  o.ui - 
ground,  from  tne  quiet  K-corona,  however,  the  actual  eontria a  ion  i<. 
die  total  reading  from  Feature  4  is  quite  uncertain,  anu  tne  iu,u. 
resolution  of  about  one  minute  of  arc  (hansen  1967)  also  enurn'-ua: 
to  making  the  data  insufficiently  accurate  for  a  definite  domp.n.*.  a 
Nevertheless,  the  K-coronameter  observaeions  provide  ..mother  c..e«.K 
on  the  electron  density  that  is  essentially  independent  m 
relative  abundances  of  the  heavy  elements. 

The  theory  of  the  polarization  of  the  radiation  tro...  tie 


K-corona  lias  been  developed  in  detail  by  van  do  llulsl 


i  an. 


141 


the  assumption  of  spherical  symmetry,  he  derives  an  expression  for 
the  polarization  times  the  brightness  which,  in  Newkirk's  (1961) 
notation  reads 

pB  =  JL ill  J  m  [A(R)  -  BOO]  — (10) 

c  a  R(k  - 

where  p  is  the  polarization,  or  the  ratio  of  the  intensity  of 

the  radiation  component  transverse  to  the  solar  limb  minus  the 

radial  component,  to  the  total  intensity.  The  quantity  pi;  is 

directly  proportional  to  the  K-coronameter  reading,  here,  li  is 

_8 

given  in  units  of  10  times  the  solar  disk  brightness. 

The  constant,  c,  normalizes  the  expression  to  the  mean 
brightness  of  the  solar  disk  at  5200A,  and  is  equal  to  1.12  (Newkirk 
1961) .  The  functions  A(R)  and  B(R)  contain  both  the  allowance  for 
the  finite  size  of  the  apparent  solar  disk  at  a  distance  R  in 
determining  the  polarization,  and  also  the  effect  of  limb  darkening. 
The  coordinates  p  and  R  refer  to  the  projected  distance  of  a 
point  in  space  upon  the  sky  from  Che  center  of  the  solar  ..au 

the  distance  of  the  point  from  the  sun's  center,  respective  m  . 
both  are  given  in  solar  radii. 

If  we  wish  to  drop  the  assumption  of  spnerieal  sywsxir  ,u- 
write  a  general  expression  for  pb  j  long  a  line  «.f  sign  ,  ma.  mo, 
becomes 

-6  J 

pi,  =  /  Ne[AxR)  -  U(K)j  u.. 

where  x,  as  beEore,  it  taken  as  the  variable  ot  muy  am>i  .  .  i 
the  line  of  sight,  in  solar  radii. 
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The  ratio,  p/R  may  be  assumed  nearly  equal  to  unity  along 
the  axis  of  Feature  4.  Since  the  enhancement  is  relatively  small, 
both  R  and  the  ratio  p/R  will  change  but  little  along  a  line 
of  sight  through  the  thickness  of  tne  enhancement.  Values  of 
A-B  are  tabulated  in- van  de  Hulst's  paper  (1950).  At  the  two 
distances  from  the  solar  limb  for .which  tracings  are  availanie, 
1.12511^  and  1.25Rq,  eq  (11)  reduces  to  the  following: 


3.0  x  1017  pB 
3.3  x  lO"*"7  pB 


(p  =  1.125) 
(P  =  1.25) 


(12) 


with  x  now  expressed  in  centimeters. 

9  9 

The  justification  for  caking  A-B  and  p“/K“  outside  the  integral 
is  that  these  quantities  vary  little  over  a  line  of  signt  tnroug.. 
the  feature^ 

A  major  difficulty  in  applying  (12)  to  a  single  feature  lies 
in  tne  fact  chac  it  is  difficult  to  justify  a  oackgrounu  level  f  w 
tne  quiet  corona  and  parts  of  any  other  streamers  tn.it  may  i  appe..  tu 
lie  along  the  line  of  sight.  We  can  tentatively  assigi;  a  m-wer 
bound  to  this  uackground ,  in  view  of  tne  fact  tnat  tnere  vat  very 
little  activity  in  the  southern  hemisphere  on  April  2b,  iVou,  an., 
therefore  cue  emission  in  the  southern  Hemisphere  at  t..e  am.,  lati¬ 
tude  as  Feature  a  should  provide  a  lower  limit  to  t.i.  quiet  ce..pu- 
netic  in  the  nortnern  Hemisphere.  The  values  of  *  ux  this  co.i.piuen 
will  therefore  represent  an  upper  limit  of  tne  quantity  j  .  u.% 
through  Feature  4  only. 

Table  VII-2  shows  the  K-eoron.o  readings  oi  ,>u  .*  mm*.  . 

“S 

iO  times  the  solar  di. '  brightness  at  pemu.  u 


i  .  r.n.-.i. 
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70°  at  1.125R,  and  1.25R„,  vmere  the  signal  maximizes.  Values  of 
25  and  15  were  chosen  to  represent  the  background  values  of  pb 
at  these  two  distances,  respectively.  The  corresponding  values  of 
/  N^dx  are  plotted  in  figure  VI1-22,  along  with  the  values  of 

•  2  k 

J  (N  )  ‘dx  obtained  from  the  photometric  analysis  of  the  LbV  line 
emission.  The  scatter  in  the  points  results  in  a  band  of  values 
that  spans  a  factor  of  about  3  in  uncertainty.  I  shall  now  discuss 
the  significance  of  the  quantities  plotted  nnd  tueir  effect  on  cue 
degree  of  uncertainty  and  the  tentative  conclusions  that  may  oe 
drawn  regarding  coronal  fine  structure. 

The  points  represented  by  dotted  circles  and  dotted  squares 
represent  the  quantities  /  (N^)  "*dx  along  the  axis  of  Featuru  4 
computed  from  the  density  models  inferred  from  the  Fe  IX  17 1A  anu 
Fe  XIV  211A;  and  Fe  XXV  211A  and  Fe  XVI  361A  line  ratios  respectively, 
bach  of  these  provides  a  .lower  limit  to  tne  true  value,  since  tin. 
observations  on  wnich  they  are  based  only  reflect  a  portion  of  the 
material  in  Che  enhancement.  Their  sum,  which  more  or  leso  complete,.', 
spans  the  range  of  temperatures  in  the  feature,  is  represeateu  ay 
a  circled  cross,  and  serves  an  an  upper  limit  to  the  quantity 


The  K-coronameter  measurements  rep-esent  an  upper  limt.  to  *  .. 
quantity  /  N^ux  as  described  above.  Since  Feature  1  may  .mix  uuve 
emission  in  the  continuum  extending  outward  from  It  that  caret o.veu 
from  that  associated  with  Feature  4,  i  save  divideu  the  vanes  of 
j  Xedx  by  two  and  included  them  on  Lae  graph  as  a  lower  limit,  in. 
uncorrected  and  corrected  K-corouame8  .  values  are  reprusei toe  by 


dotted  and  crossed  triangles,  respectively.  Within  this  hand  • f 

uncertainty  of  about  a  factor  of  three,  the  k-coronametcr  vali  -s 

join  quite  nicely  with  the  EUV  values. 

From  the  sabove  considerations  we  can  set  an  upper  limit  to 

the  degree  of  inhomogeneity  in  the  coronal  feature.  Consider  a 

sample  of  gas  that  is  compressed  to  a  value  1/k  of  its  original 

volume.  The  maximum  density  will  then  be  increased  k-fold  and  *,hc 

2 

maximum  square  density  by  a  factor  of  k  .  If  we  then  compare  i he 
root-mean-square  density  and  the  mean  density,  both  averaged  ever 
the  original  volume  of  the  gas,  we  find  that 


If  k  were  much  larger  than  aoout  3,  we  should  see  a  del  mite 
discontinuity  in  the  points  of  Figure  VII-22,  in  spite  of  the 
aforementioned  uncertainties.  We  therefore  conclude  that  at  a 
distance  of  about  80,000  km  from  the  solar  surface,  the  density 
inhomogeneity  factor,  k,  cannot  bo  greater  than  about  ten. 

E.  Structure  of  the  Magnetic  Fields 

The  observations  of  the  distribution  of  matter  in  Feature  4 
at  various  temperatures,  as-  described  in  Chapter  VI,  furnish  con¬ 
clusive  evidence  that  the  material  is  not  m  Hydrostatic  equal 
The  observations  of  the  EUV  lines  show  an  unmistakable  decrease  in 
the  scale  height  of  the  emission  with  increasing  temperature,  . uu 
in  lines  with  temperatures  greater  than  about  10  JK,  the  emission 
scale  height  is  smalle.:  than  that  predicted  from  hydrostatic  equili¬ 
brium  of  a  gas  at  the  temperature  appt  uptime 


to  tne  existence  ot 
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the  ion  producing  the  line.  There  is  evidently  a  sharp  decrease  in 
temperature  with  height,  with  most  of  the  hot  material  being  confined 
rather  low  in  the  feature  in  a.  hot,  dense,  "core",,  as  we  have  already 
seen.  Such  a  temperature  structure  cannot  exist  in  Lhe  corona  due 
to  the  high  conductivity  of  the  coronal  material  unless  the  material, 
is  held  down  t>y  transverse  magnetic  fields,  which  also  reum1*  the 
conductivity  of  tiie  material  across  the  field  lines. 

for  the  moment,  let  us  assume  that  the  magnetic  fielur  art 
static  and  imbedded  in  the  enhancement.  The  magneto-nydrostatic 
toree  equation  that  must  be  satisfied  at  every  point  witnin  Lue 
enhancement  is 

77  d  x  (V  x  li)  =  f.g  -  Vp  U4j 


it  we  assume  that  the  gravity  force,  acting  in  me  negative  y- 
directlon,  is  the  only  external  force  acting  on  the  enhancement . 

We  may  expand  eq.  (14)  in  cylindrical  coordinates,  and  thus 
maxo  use  of  the  assumed  symmetry  properties  of  the  onnancemoul.  iae 
symmetry  assumptions  we  snail  make  are  (l)  the  magnet u  ; iv  lu  uax 


no  azimuthal,  component,  i.e.,  d  =  0,  and  (2)  the  mature  aa-<  <m„i- 

•»> 

plete  axiaL  symmetry  about  the  y-axis,  i.e.,  ail  d«.rivattv<  .  wu.. 


respect  to  -i  are  zero.  With  these  issumpt  ions ,  eq.  t  i  ) 


reduces  to  the  iwo  following  scalar  (.quit ions: 
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A  simitar  pair  of  equations  relating  the  pressure  gradients 
along  tne  vertical  and  tangential  to  the  solar  limb  were  ue rived 
by  billings  (1966).  Lnder  our  symmetry  assuiupLions,  tne  r. uiul 
coordinate  plays  the  same  role  mathematically  in  (11>)  .mu  *.-•<>) 

.is  does  tne  tangential  coordinate  in  Hillings '  equations.  ..e  ;..uy 
eliminate  the  magnetic  lield  uerivatiives  from  (lb)  ana  (■<<)  .mu 
obtain  the  following  relation 


-■  _  PP./y.r. 


H  i  ii  +  dp/d] 
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At  l.tis  point,  lor  the  sake  of  aimnlieii/,  wl  ..i-.sii.io  .1  cm  -m.u.t 
to  ratur*.  tor  tne  emitting  material  o'  any  given  am.  to  vuv 
ot  Luc  detailed  consideration  of  the  shapes  of  the  lonix.iUm. 
curves  made  in  .m  earlier  coupler,  t.  is  .ssii.iipt  .on  ...  c  rl  .. 

|U.  .  1  on.io ie,  but  it  is  adequate  for  a  lcleriiiin.il  n  ..  ..  ,■ 

m  me  :  a  1l  structure  over  a  wide  temp.-r.ilurc  r.iw .  .  >..»  ..  .... 

,  ,  . s  1  uv  u  proportional  to  the  square  root  e;  .  .a  .  .  .  m  .. 

in'  t  nen  u.ive 


1  n  1. 
.  *  1* 


.1  In  1. 

■y 


.  »  .pi. 1 1  I  O.i  give..  I  l.i  ,J.  ie,K  Ot  l  in'  ■  ....  1  . 

V.Si.ios  ul  l  t  l.r  ihi.,ii.iih  t  ue'  e.i.  .  .1.  .  v..  in  , 


1  .../ 


.11 1 11  1 1  i.,.p .1 1  ed .  \  s i  1 : 1  i.i r  ex,. i\  ss  1 1 


aa; 


may  ue  used  if  one  assumes  translational  symmetry  along  the  line  oi 
sight,  Such  an  analysis  was  made  of  an  enhancement  t>y  baito  ana 
Hillings  (1964)  using  white  light  observations  of  tne  1962  New 
l.uinea  solar  eclipse. 

Note  that  one  ambiguity  exists  In  tne  applicability  of  eq.  (18) 

in  mapping  the  magnetic  fie  La,  and  that  arises  when  jin  <./  r  =  0, 

at  wuich  point  B  /b  would,  taken  literally,  become  inti.  Uo. 
r  y 

I  he  t  told  would  'bn  nave  no  vertical  component,  bin  a  <j  situation 
could  also  arise,  however,  by  a  nearly  radial  field  whose  -lope  is 
changing  sign  as  it  passes  through  the  point  at  which  j.  re'ulies 
a  local  maximum.  The  lines  of  force  will  then  outline  a  wu.-.p  s.i.ij.e 
wuich  wears  a  strong  resemblance  to  the  shapes  oi  some  lorihai 


streamers. 


ngures  Vi  I -23  through  V1I-26  show  uxagrams  O i  l  lie*  :■> x  vi  >k‘ *  o  • 
the  magnetic  fields  inferrea  through  eq.  (id;  trotn  tne  line  e ...  * ..m 
ol  .oatutv  4  in  Mg  Ia,  Fe  IX,  Fe  XIV,  and  Fe  XVI,  a..  .-ruct  a! 
increasing  temperature.  The  first  oi  ti.ese  exhibit,-,  a  t  *.  .  .  t  i. 
i-.  ik  a r  1  v  vertical,  indicating  that  the  uistr  i'lHiuon  .•!,  ......  n\a. 

oi  ter, pei  ..lures  near  10^  °K  is  close  to  tuat  ,  a.u.i  t  ..  ,  ,  :u .  o 

t.il  tc  .  .in  1  xur  mm.  The  Fe  Ia  emission  is  quit*1  u  .<  ..  i . . , : 

Oi  IX,  i  <ut  tic  interred  1  ie  Id  s  flows  nc  hi  y, , .  .n . . .  *  .  o  i  ...  . 

sti  u.iure  .nut  a  small  tangential  coupon  -m  t.  i.u  lo-.u..  .  Fe  .\t\ 

o.ii.sion  .now.-,  •  von  more  loop  Structure  and  a  uli. . a  i.*a  .  /*  hla  I 

com,  oik  nt  t o  the  magnetic  field,  anu  .  -.u  . -  »  . .  i. .  >  ...  aooat 
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greater  heights,  indicating  a  great  dual  ot  cunl  iiu-iueul  ot  llit" 
material  below  heights  of  about  30,000  km.  Tne  fields  governing 
the  re  XVI  emission  show  a  still  stronger  loop  structure  and  appear 
to  resume  tne  approximate  symmetry  about  the  axis  of  the  feature. 

An  interesting  feature  common  to  all  the  field  profiles  is 
the  loop  structure  close  to  the  limb  centered  at  the  axis  ot  the 
enhancement,  or  very  nearly  so.  There  apparently  exists  a  core  of 
material  which  contains  a  wide  variety  of  temperatures  out  favors 
the  hotter  material  more  than  the  cooler.  This  cone tus  ion ,  not 
surprisingly,  is  very  similar  to  that  infer reu  from  tne  to:„per..turi 
structute  within  the  enhancements  based  on  line  cmissivitv  ratios. 
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Figures  VII-1  to  Vli-7 


lsophotal  contours  of  Feature  A  in  several  EL' V  emission  lines,  lue 
brightest  point  is  indicated  by  the  tick  at  the  limb,  one  a  cunt our 
interval  represents  a  brightness  ratio  oi  i/e. 
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Figures  VI1-8  to  YII-14 


I'lio  emissivity  of  the  gas  within  Feature  4  in  the  same  emission 
lines  as  in  Figures  VII-1  to  VII-7. 
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Figure  VIi-13 
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Figure  VII-15 .  The  temperature  of  Feature  4  as  a  function  of 

position  along  the  limb  at  several  heights  above 
the  jolar  surface.  The  data  are  based  upon  Fe  IX/ 
Fe  XIV  line  emissivity  ratios. 


Figure  Vi 
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Figure  VII-17.  The  densities  within  Feature  4,  based  on  the  absolute 
emis8ivitie8  and  temperatures  of  the  lines  of  Fe  IX 
and  Fe  XIV. 
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Figure  VII-18. 


The  same  as  VII-17,  but  with  the  lines  of  Fe  XIV 
and  Fe  XVI. 


Fe  XVI 
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Figure  V  i i - 1 '  .  Hr ightneps  variation;  of  t'eati.r,  4  . 
Jisi.meo  f ror  the  1  lino  in  solar  radi...  The  i  urve  i. 
Kii  k't.  i  i^bL'i  density  model  js  p,iven  lor  coi.ijj.tr  if  i. 
are  normal i /eU  to  equal  Newkirk’s  at  the  limb. 


figure  VI  1*20.  A  ra< 
of  the  c?jst  limb  of 
from  Stantoi  .1  cm 
a  dotted  circle. 


1/3 


io  brightness  temperature  ..uip  ..  >ortion 
i.e  sun  on  April  26,  i%b.  U.t  . u»,»  ts  drawn 
data.  The  posi.ion  of  feature  •*  i-  uat'Ked  ay 
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Figure  VII-22.  The  values  of 
/  N^dx,  and  root-mean-square 
the  line  of  sight. 
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Figures  VII-23  to  VH-26. 


Representation  of  the  slope  of  the  magnetic  field  within  Feature  4, 
as  inferred  from  the  emissivity  distributions  of  Mg  IX,  Fe  IX, 

Fe  XIV,  and  Fe  XVI. 
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Fe  XVI 


Figure  VII-26 


CHAPTER  VIII 


DISCUSSION 


A.  Summary  of  Results 

In  an  effort  to  enhance  the  readability  of  this  thesis,  perhaps 
at  the  expense  of  compromising  the  objectivity  of  the  presentation, 

I  have  both  anticipated,  and  stated  or  implied  various  conclusions 
throughout  the  text.  Most  of  the  remarks  in  this  section  will 
therefore  serve  mainly  to  summarise  the  more  important  conclusions, 
and  may  be  found  also  in  earlier  chapters. 

Perhaps  the  most  gratifying  result  of  this  investigation  is 
that  no  glaring  discrepancies  between  observations  of  the  solar 
corona  in  the  EUV  and  by  other  methods  were  found.  The  association 
of  enhancements  of  the  hard  radiation  of  the  sun  with  increased 
activity  has  long  been  known,  so  the  association  of  EUV  enhancements 
with  plage  regions  is  not  at  all  surprising.  The  same  association 
is  predictable  on  theoretical  grounds  from  the  fact  that  coronal 
forbidden-line  emission  shows  enhancement  when  active  regions  ..re 
on  the  limb. 

In  going  beyond  the  obviously  good  superficial  agreement  of  tnc 
coronal  enhancements  with  chromospheric  plages,  we  note  tnat  inc¬ 
lines  of  lower  excitation  such  as  0  V  tend  to  show  plage- tyjo 
structure  similar  to  that  of  Cn-K.  The  >xygcn  line  corre&poK... 


to  temperatures  of  between  1  and  2  x  10^  °K,  and  therefore  may  be 
thought  of  as  belonging  to  the  lower  part  of  tne  transition  region 
between  the  chromosphere  and  the  corona.  The  morphology  of  an 
active  region  in  this  temperature  range  is  thus  expected  to  be 
strongly  influenced  by  the  chromosphere,  and  indeed  the  chromospheric 
network  appears  to  be  still  faintly  visible.  Ne  VII  represents 
an  ion  whose  temperature  (5  x  10^  °K)  lies  pretty  much  in  t.>e  middle 
of  . ae  transition  region.  The  highly  structured  plages  arc  now 
giving  way  to  larger,  less  structured  enhancements,  although  a  suarp 
limb  indicates  that  the  radiation  is  'till  fairly  low  In  the  solar 
atmosphere.  At  temperatures  of  between  i  and  2  x  1(/J  °ic  the  emission 
is  becoming  more  diffuse  in  the  active  regions,  and  at  the  same  time 
less  obvious  on  the  solar  disk,  as  a  whole.  At  the  highest  tempera¬ 
tures  (;‘  2  x  10**  °k) ,  background  emission  becomes  totally  absent 
ano  vt  see  essentially  only  the  active  regions  of  the  coron 

J'ne  increasing  concentration  of  coronal  material  in  tin.  active 
regions  at  higher  temperatures  shows  .p  (quantitatively1  i ..  : m 
analysis  as  a  sharp  increase  in  the  amount  of  emitting  material 
within  tne  eunaneement  as  one  goes  up  in  temperature,  up  to  -an 
abrupt  drop  at  a  temperature  of  about  5  million  degrees  (Chapter  \1). 

Tne  more  detailed  analysis  carried  out  in  Chapter  V  (  1  nala  a.e.s. 
i  tendency  for  l  tie  not  material  to  conf  aie  itstlf  to  a  umt :  con, 
fairiy  lew  in  too  enhancement.  The  existence  of  such  loo,,  i  iwu 
high-temperature  legions  in  a  highly  conducting  mv.ui.nm  i  an  only  no 
explained  by  the  confining  action  of  .lagnetic  funis.  i.r  ai.rupt 
temperature  rise  is  noticeable  in  the  ■  l  'alive  increase  in  w  i^ntno-ss 
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of  emission  of  the  ion  ,r’e  XVI  relative  to  Fe  XIV,  but  is  less  appar¬ 
ent  when  one  compares  the  ratio  of  emission  of  Fe  IX  and  Fe  XIV. 

The  temperature  and  density  structures  of  the  enhancement  at  the 
limb  predict  radio  and  K-coronameter  enhancements  consistent  in 
magnitude  with  those  observed  on  the  same  day  as  the  spectrohelio- 
grams  were  taken  (April  28,  1966). 

The  fact  that  the  observational  inaccuracies  were  just  great 
enough  to  frustrate  any  attempt  to  resolve  the  question  of  coronal 
abundances  is  disappointing.  Fortunately,  however,  the  major 
conclusions  concerning  the  temperature  and  density  structure  are 
not  sensitive  to  this  uncertainty. 

B.  Future  Worf, 

The  future  course  of  solar  EUV  And  X-ray  astronomy  is  likely 
to  be  a  very  interesting  ohe.  Perhaps  the  most  accurate  estimate 
of  the  nature  of  the  future  development  of  this  field  would  result 
from  a  consideration  of.  the  questions  the  present  data  did  not 
answer. 

A  first  look  at  the  spectroheliograms  suggests  a  significant 
difficulty  in  disentangling  overlapping  images,  and  in  distinguishing 
a  continuum  from  the  line  emission  from  the  disk.  As  a  result,  only 
a  few  of  the  strongest  lines  were  intense  enough  to  yield  meaningful 
photometric  intensities..  An  increase  in  the  dispersion  relative  to 
the  image  size  would  have  the  effect  of  reducing  the  continuum 
relative  to  the  line  intensities  recorded  on  the  film,  as  well  as 
reducing  the  overlapping  of  the  images  themselves.  An  effect  that 
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would  partially  negate  the  advantage  gained  would  be  a  decrease  in 
the  resolution  from  the  increasingly  evident  thermal  Doppler  broad¬ 
ening.  The  present  spectroheliograms  snow  resolution  down  to 
about  10"  of  arc  which  equals  on  the  film  the  distance  corresponding 
to  0.22A.  This  is  nearly  equal  to  the  half-width  of  a  70QA  line 
arising  from  an  ion  of  mass  number  16  at  a  temperature  of  4  million 
degrees.  Since  these  conditions  outlined  represent  a  rather  extreme 
set  of  circumstances,  it  would  appear  that  the  dispersion  of  the 
present  setup  could  be  increased  by  a  factor  of  five  or  more  without 
a  noticeable  increase  in  Doppler  blurring. 

All  the  above  refinements  will  undoubtedly  be  realized  in  the 
near  future.  An  NRL  experiment  in  the  Apollo  Telescope  Mount  (ATM) 
project  should  provide  spectroheliograms  of'  better  purity  and 
resolution.  Alchough  the  chromospheric  network  is  evident  in  the 
images  of  He  I,  He  II,  and  to  a  lesser  extent  0  IV,  no  fine  struc¬ 
ture  of  the  coronal  features  similar  to  that  observed  at  ec-ipse 
in  white  light  is  as  yet  visible  in  Cue  EUV. 

An  ubiquitous  problem  in  astrophysics  is  the  need  for  more 
accurate  atomic  transition  rate  coeff ic.iehts  of  all  types.  In 
particular  our  knowledge  of  the  rate  coefficients  lor  excitation  of 
forbidden  levels  by  electron  impact  can  only  be  described  a >  unsatis¬ 
factory  at  present.  In  addition  many  of  the  hotter  ions  depart 
appreciably  from  L-S  coupling,  and  a  thorough  recomputatioi,  of 
f-values  taking  into  account  intermediate  coupling  and  configuration 
interaction  will  be  necessary  before  solar  extreme  ultravi )let 
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spectroscopy  can  advance  beyond  a  semi-quantitative  stage.  Our 
knowledge  is  slowly  but  steadily  increasing  in  this  area  both 
from  experimental  and  theoretical  studies  currently  being  Undertaken 
at  the  Joint  Institute  for  Laboratory  Astrophysics  (JILA)  in 
Boulder,  Colorado. 

Finally*  the  exciting  possibility  exists,  that  future  obser¬ 
vations  of  the.  high  energy  radiation  from  the  corona  may  in  turn 
contribute  to  our  knowledge  of  the  atomic  transition  parameters 
as  our  knowledge  of  the  detailed  structure  of  the  corona  improves. 
There  is  no  a  priori  reason  why  astronomical  observations  cannot 
aid  in  the  development  of  physics  just  as  physics  has  aided  astronomy. 
The  reason  that'  they  have*  not  to  such  a  large  extent  as  might  be 
hoped  is  simply  that  a  controlled  experiment  has  only  recently  been 
possible  in  astronomy.  Continued  exploration  of  the  corona  by 
satellites  and  space  probes  or  by  a  permanent  observing  station  will 
certainly  not  only  increase  our  knowledge  of  the  active  sun,  but 
also  use  the  outer  sun  as  a  valuable  laboratory  to  study  detailed 
properties  of  highly  stripped  ions. 
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